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ABSTRACT
The era of large transient surveys, gravitational-wave observatories and multi-messenger astronomy has opened up new possibilities
for our understanding of the evolution and final fate of massive stars. Most massive stars are born in binary or higher-order multiple
systems and exchange mass with a companion star during their lives. In particular, the progenitors of a large fraction of compact
object mergers, and Galactic neutron stars (NSs) and black holes (BHs) have been stripped off their envelopes by a binary companion.
Here, we study the evolution of single and stripped binary stars up to core collapse with the stellar evolution code Mesa and their final
fates with a parametric supernova (SN) model. We find that stripped binary stars can have systematically different pre-SN structures
compared to genuine single stars and thus also different SN outcomes. The bases of these differences are already established by the
end of core helium burning and are preserved up to core collapse. Consequently, we find that Case A & B stripped stars and single &
Case C stripped stars develop qualitatively similar pre-SN core structures. We find a non-monotonic pattern of NS and BH formation
as a function of CO core mass that is different in single and stripped binary stars. In terms of initial masses, single stars of & 35 M
all form BHs, while this transition is only at about 70 M in stripped stars. On average, stripped stars give rise to lower NS and BH
masses, higher explosion energies, higher kick velocities and higher nickel yields. Within a simplified population synthesis model, we
show that our results lead to a significant reduction of the rates of BH-NS and BH-BH mergers with respect to typical assumptions
made on NS and BH formation. Therefore, we predict lower detection rates of such merger events by, e.g., advanced LIGO than
is often considered. We further show how certain features in the NS–BH mass distribution of single and stripped stars relate to the
chirp-mass distribution of compact object mergers. Further implications of our findings are discussed with respect to the missing
red-supergiant problem, a possible mass gap between NSs and BHs, X-ray binaries and observationally inferred nickel masses from
Type Ib/c and IIP SNe.
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1. Introduction
The majority of massive stars (& 10 M) are born in binary or
higher-order multiple systems (e.g. Kobulnicky & Fryer 2007;
Mason et al. 2009; Sana et al. 2012, 2013; Chini et al. 2012;
Kobulnicky et al. 2014) and a significant fraction of them ex-
change mass with a companion during their lives (& 70%; see
e.g. Sana et al. 2012; Moe & Di Stefano 2017). This imme-
diately implies that a similar fraction of all supernovae (SNe)
are from stars that experienced a past binary mass-exchange
episode. Mass exchange can proceed stably, but it may also lead
to unstable situations such that stars merge or evolve through a
so-called common-envelope phase (see, e.g., reviews by Langer
2012; De Marco & Izzard 2017). In all cases, mass transfer
episodes can drastically change the further evolution of stars.
All known masses of Galactic neutron stars (NSs) and black
holes (BHs) are measured in close binary stars, e.g. in X-ray bi-
naries, double pulsar systems, and pulsar and white dwarf bina-
ries. These systems have in common that the first born compact
object went through a binary mass-transfer phase where the pro-
genitor star was stripped off its hydrogen-rich envelope, i.e. they
do not originate from genuine single stars (e.g. Podsiadlowski
? fabian.schneider@uni-heidelberg.de
et al. 2003; Tauris & van den Heuvel 2006; Postnov & Yungelson
2014; Tauris et al. 2017; Langer et al. 2020). In some cases, also
the second-born compact object formed from a stripped star. It
is yet unclear how envelope stripping has influenced the masses
of these NSs and BHs.
The situation is similar in compact object mergers that are
now routinely observed by gravitational-wave detectors: if the
merging compact objects originate from stars formed in the
same binary system, they are also the remnants of stars that
lost their envelopes in a past binary mass-exchange episode
(e.g. Bethe & Brown 1998; Portegies Zwart & Yungelson 1998;
Belczynski et al. 2002; Voss & Tauris 2003; Mennekens &
Vanbeveren 2014; Eldridge & Stanway 2016; Stevenson et al.
2017; Giacobbo & Mapelli 2018; Kruckow et al. 2018). Even
for compact object mergers induced by dynamical encounters
in dense stellar systems (e.g. star clusters), the likelihood that
the progenitor stars of the individual compact objects had a bi-
nary mass-exchange history is non negligible as close binaries
are also common in such environments.
These aspects become more and more relevant in an era of
gravitational-wave astronomy and large transient surveys that
deliver new insights into, e.g., the NS–BH mass distribution,
the supernova explosion physics and thereby massive star evo-
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lution. To this end, we here study the evolution of single and
stripped binary stars up to the pre-SN stage and through core
collapse to address two key questions. First, how does envelope
stripping by binary mass transfer affect the pre-supernova struc-
tures of stars and, secondly, what are the consequences of this
for the ensuing core collapse and the outcomes of possible SN
explosions? Stripped stars lead to SNe of Type Ib/c, while stars
with a hydrogen-rich envelope at core collapse produce Type II
SNe. But how do, e.g., the masses of NSs and BHs, and the ex-
plosion energies differ in such cases? First steps in trying to shed
light on such questions have been taken (e.g. Timmes et al. 1996;
Wellstein & Langer 1999; Brown et al. 2001; Podsiadlowski
et al. 2004; Woosley 2019; Ertl et al. 2020), but our understand-
ing remains incomplete. Here, we try to fill some of these gaps.
This paper is structured as follows. We describe our stellar
evolution models and how we model the core collapse and SN
phase in Sect. 2. Key properties of the pre-SN structures of single
and stripped stars are discussed and compared in Sect. 3. We then
present our findings on the consequences of the different pre-SN
structures for the explodability of stars, the compact object rem-
nant masses, explosion energies, kick velocities and nickel yields
in Sect. 4. In Sect. 5, we use our findings to study populations
of compact objects from stripped stars. This includes compar-
isons to Galactic compact objects, compact object merger rates
and chirp-mass distributions accessible thanks to gravitational-
wave astronomy. We discuss our results in Sect. 6 and conclude
in Sect. 7.
2. Methods
We evolve massive, non-rotating stars with the Modules-for-
Experiments-in-Stellar-Astrophysics (Mesa) software package
(Paxton et al. 2011, 2013, 2015, 2018, 2019) in revision 10398.
All stars are evolved up to core collapse (defined as the point
when the iron-core infall velocity exceeds 950 km s−1), and the
pre-SN structures are analysed with an extended version of the
parametric SN code of Mu¨ller et al. (2016).
Two sets of stars are studied: stars ending their lives unper-
turbed as genuine single stars and stars that lose their hydrogen-
rich envelope at certain phases in their evolution because of mass
exchange with a binary companion. In Sect. 2.1, we describe the
models of the single stars and in Sect. 2.2 those that are stripped
off their envelopes. We consider single stars of initial masses
of 11–75 M (in total 32 models) and stripped binary stars of
15–100 M (in total 102 models). Details on the parametric SN
model are presented in Sect. 2.3.
2.1. Single star models
We consider non-rotating stars of solar metallicity (Z = 0.0142)
with a chemical composition according to Asplund et al. (2009)
and an initial helium mass fraction of Y = 0.2703. This
chemical composition may be somewhat too metal poor to
properly represent our Sun as indicated by the solar model-
ing/composition problem (e.g. Serenelli et al. 2009). In our mod-
els, a higher metallicity would primarily increase stellar wind
mass loss and hence reduce the final masses of stars at core
collapse. Opacities are mainly from Rogers & Iglesias (1992)
and Iglesias & Rogers (1996), supplemented by low-temperature
opacities of Ferguson et al. (2005) (see also the Mesa instru-
ment papers for more details). An approximate nuclear net-
work consisting of 21 base isotopes plus 56Co and 60Cr (Mesa’s
approx21 cr60 plus co56.net network) is applied that cov-
ers all the major burning phases of stars up to core collapse.
Reaction rates are taken from the JINA REACLIB database V2.2
(Cyburt et al. 2010). For example, the 12C(α, γ)16O reaction rate
is from the NACRE II compilation (Xu et al. 2013). We use
mixing-length theory (Henyey et al. 1965) with a mixing-length
parameter of αmlt = 1.8.
To help numerically with the evolution of massive stars
and their envelopes, we enable Mesa’s MLT++ that enhances
convective-energy transport in low-density envelopes of some
stars and thereby suppresses envelope inflation. The Ledoux cri-
terion for convection is used, and we assume step convective-
core overshooting of 0.2 pressure-scale heights for core hy-
drogen and helium burning (c.f. Stancliffe et al. 2015). In all
later nuclear burning phases and for all convective shells, we
switch off convective boundary mixing. Semi-convection is ap-
plied with an efficiency factor of αsc = 0.1 (e.g. Choi et al. 2016).
The latter efficiency is on the low side with respect to the in-
ferred interior mixing of stars in the Small Magellanic Cloud
(Schootemeijer et al. 2019). However, because of the overshoot-
ing in our models, there are almost no semi-convective regions
(c.f. Sect. 3.1) such that its exact mixing efficiency is expected
to be less relevant.
For the stellar winds, we essentially follow Mesa’s “Dutch”
wind scheme, but modify the metallicity dependence (see also
Eldridge & Vink 2006). For cool stars with effective tempera-
tures Teff < 10, 000 K, we apply the wind mass-loss rates, M˙, of
Nieuwenhuijzen & de Jager (1990) with a metallicity scaling of
M˙ ∝ Z0.5 as suggested by Mauron & Josselin (2011) for red su-
pergiants. For stars with effective temperatures Teff > 11, 000 K,
we use the Vink et al. (2000, 2001) mass-loss prescription if
the surface hydrogen mass fraction Xsurf > 0.5 and switch to
Wolf–Rayet wind mass loss if Xsurf < 0.4. The Wolf–Rayet wind
mass-loss rates are those of Nugis & Lamers (2000), but with
a metallicity scaling as suggested by Vink & de Koter (2005).
These scalings depend on the surface chemical composition of
nitrogen, carbon and oxygen, and are thought to correspond to
WN, WC and WO Wolf–Rayet stars. For surface hydrogen mass
fractions in the range 0.4–0.5 and for effective temperatures in
the range 10, 000–11, 000 K, we linearly interpolate between the
corresponding mass-loss rates. No extra mass loss is assumed for
luminous-blue variables (LBV) and other stars that might lose
mass eruptively or pulsationally.
2.2. Binary star models
Stars in a binary system can exchange mass once one star, the
mass donor, has grown to such a large radius that it overfills its
Roche lobe. Depending on the initial orbital separation of the
two stars, mass exchange is initiated in different evolutionary
phases of the mass donor. In the initially closest binaries, mass
transfer starts when the donor star is still burning hydrogen in
its core (usually referred to as Case A mass transfer, Fig. 1).
In initially wider systems, this only occurs while the donor star
crosses the Hertzsprung–Russell (HR) diagram after finishing
core hydrogen burning or climbs the giant branch (usually called
Case B mass transfer). In initially even wider systems, mass
transfer only starts after the donor star finished core helium burn-
ing (Case C). The ensuing mass-transfer episode can be stable or
unstable, depending on the mass of the donor, the orbital sepa-
ration and the mass ratio of the binary star (see, e.g., figures 1–
3 and 17–22 in Schneider et al. 2015). Unstable mass transfer
leads to so-called common-envelope evolution or directly to a
stellar merger. In a successful common-envelope phase, most of
the hydrogen-rich envelope of the donor star is ejected while un-
successful envelope ejections are thought to lead to a merger of
2
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Fig. 1. Radius evolution of a 13 M star and definition of Case A,
B and C mass transfer. In this work, we also distinguish between
early and late Case B, i.e. mass transfer starting right after a star
finishes its main-sequence evolution and just before core helium
burning, respectively.
the two stars. In both cases, stable mass transfer and successful
common-envelope phases, the donor star loses almost its entire
hydrogen envelope (how much hydrogen is left depends, e.g.,
on the metallicity of the star; see for example Yoon et al. 2017;
Go¨tberg et al. 2017; Laplace et al. 2020).
Here, we do not want to follow the complex binary mass-
exchange phases, but focus on the effective outcome, namely the
removal of the hydrogen-rich envelope and the consequence of
this for the further evolution of stars up to core collapse. We re-
move the envelopes of stars in four evolutionary phases: towards
the end of the main sequence when the central hydrogen mass
fraction falls below 0.05 (Case A), shortly after the star leaves
the main sequence and starts to cross the HR diagram (early
Case B, often corresponding to stable mass transfer), shortly be-
fore the star ignites helium in its core (late Case B, often leading
to unstable mass transfer that is thought to result in a common-
envelope phase) and after finishing core helium burning (Case C,
often unstable mass transfer that results in a common-envelope
phase). Here we use the usual definition of early and late Case B
mass transfer from donor stars with a radiative and convective
envelopes, respectively. However, we do not find systematic dif-
ferences in early and late Case B binaries and therefore discuss
them together as Case B stripped stars in the rest of the paper. In
Fig. 1, we indicate these four cases for a 13 M star.
In our models, stars initially more massive than ≈ 20 M
reach their maximum radius before the onset of core helium
burning and thus do not experience Case C mass transfer. Below,
we nevertheless consider Case C envelope removal of such stars
for academic purposes and clearly mark these stars in the rest of
this work. However, massive red supergiants are known to have
extended atmospheres (e.g. Betelgeuse, O’Gorman et al. 2017)
and so-called wind Roche-lobe overflow may increase the effec-
tive parameter space of Case C mass transfer (e.g. Podsiadlowski
& Mohamed 2007; Mohamed & Podsiadlowski 2007; Abate
et al. 2013; Saladino et al. 2018).
In practical terms, we remove the envelopes on a timescale
of 10% of the thermal timescales of stars. This is a good as-
sumption for Case B and C mass transfer given that Case B
mass transfer is driven by the thermal-timescale evolution of
the donor star and Case C mass transfer via common-envelope
evolution is thought to be near adiabatic, i.e. even faster than
what we assume. For Case A mass transfer, our assumption is
less accurate and a robust relation between the final stage af-
ter envelope removal and initial mass is not possible within our
simplified modelling. Case A mass transfer proceeds via a fast,
thermal-timescale mass-transfer phase followed by a slow, nu-
clear timescale mass-transfer episode. During the latter and pos-
sibly subsequent Case AB mass transfer, a significant fraction
of the envelope may be removed (e.g. Kippenhahn & Weigert
1967; Paczyn´ski 1967; Wellstein et al. 2001). This sequence
of envelope-removal episodes means that the core of the mass-
losing donor can further evolve while its envelope is continu-
ously being stripped off, and our simplified envelope-stripping
model cannot reproduce this evolution properly. We try to avoid
part of these complications by restricting our models to late
Case A mass transfer. We stop the envelope removal once the
surface hydrogen mass fraction falls below 1% for Case B and C
mass transfer, and once the surface hydrogen mass fraction is
less than 10% of that in the core for late Case A mass transfer.
2.3. Parametric supernova code
We compute explosion energies, compact remnant masses,
nickel yields, and mean kick velocities for our single and binary
star models using the parametric supernova model of Mu¨ller
et al. (2016). Prior to shock revival, this model estimates the neu-
trino heating conditions based on semi-empirical scaling laws
for the proto-NS radius, shock radius, the neutrino emission,
and the neutrino heating efficiency. If the model indicates that
shock revival occurs at some initial mass cut Mi before the grav-
itational neutron star mass exceeds the stability limit (here as-
sumed to be MmaxNS,grav = 2.0 M, i.e. a baryonic NS mass of about
MmaxNS,by/M ≈ MmaxNS,grav/M + 0.084 ·
[
MmaxNS,grav/M
]2 ≈ 2.336;
c.f. Lattimer & Yahil 1989; Lattimer & Prakash 2001), the prop-
agation of the shock and the growth of the explosion energy are
followed through a phase of concurrent mass ejection and ac-
cretion. We account for energy input into the explosion by neu-
trino heating and explosive burning, and for the binding energy
of matter swept up by the shock. Accretion and neutrino heat-
ing are assumed to stop once the post-shock velocity reaches
escape velocity at some mass coordinate Mf . If the explosion
energy drops to zero at some point after shock revival, or if ac-
cretion does not stop before the NS exceeds the maximum mass
of 2.0 M, we assume BH formation by fallback. The original
model of Mu¨ller et al. (2016) does not predict the amount of
fallback, and we will therefore parametrically explore this.
The mass ∆M = Mf − Mi and kinetic energy Ekin (which is
approximately equal to the explosion energy Eexpl) of the post-
shock matter at the “freeze-out” of accretion determine the NS
momentum pNS = α
√
2∆M Ekin, where the parameter α charac-
terizes the asymmetry of the neutrino-heated ejecta (Janka 2017;
Vigna-Go´mez et al. 2018). Although the degree of asymmetry is
not universal (Janka 2017), a case can be made for a modest scat-
ter in α due to the dominance of unipolar explosions (Katsuda
et al. 2018; Mu¨ller et al. 2019), perhaps with a tail towards low
α from explosions with bipolar geometry (Scheck et al. 2008;
Mu¨ller et al. 2019). For simplicity, we assume a constant asym-
metry parameter as in Vigna-Go´mez et al. (2018) and compute
the mean NS kick velocity vkick as
vkick = 0.195
√
2∆MEexpl
Mrm,grav
, (1)
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where Mrm,grav is the gravitational mass of the compact remnant
(either a NS or BH). The factor of 0.195 is a calibration factor
chosen to match the best-fit σ of Hobbs et al. (2005) of σ ≈
265 km s−1 (see Sect. 4.4). We note that the kick mechanism will
result in kick velocities around the above computed mean value
(Eq. 1) with some dispersion. Here, we only consider the mean
value and distributions thereof. In Appendix A, we show how
Mi and ∆M are closely related to the two structural parameters
of pre-SN models introduced by Ertl et al. (2016) to classify the
explodability of stars.
We use a different calibration of the SN engine than in the
original work of Mu¨ller et al. (2016). This is to obtain an average
explosion energy of Type IIP SNe in the range 0.5–1.0 B (e.g.
Kasen & Woosley 2009 suggest 0.9 B). The average explosion
energy of Type IIP SNe is 0.69±0.17 B (Sect. 4.3) for our chosen
calibration parameters of the shock compression-ratio, β = 3.3,
and the shock expansion due to turbulent stresses, αturb = 1.22,
(original values are β = 4.0 and αturb = 1.18; Mu¨ller et al. 2016).
3. Pre-SN evolution and structure
3.1. Single vs. stripped binary stars towards core collapse
In massive single stars after core helium burning, the evolution
of the envelope and the core decouple: there is a steep drop
in pressure at the hydrogen-helium interface, where also the
hydrogen-burning shell is located. The core no longer “feels”
much of the hydrogen-rich envelope (e.g. in our initially 17 M
single star at core helium exhaustion, the pressure drops from
a mass coordinate of ≈ 6 M by more than ten orders of mag-
nitude over 1–2 M). The further core evolution and advanced
nuclear-burning phases of (non-rotating) massive stars therefore
essentially depend on the helium core mass MHe, the CO core
mass MCO and the amount of carbon left by helium burning XC.
Especially XC and MCO are thought to be most relevant, to the ex-
tent that the evolution beyond helium burning is sometimes con-
sidered bi-parametric (e.g. Chieffi & Limongi 2020). Single stars
populate a well-defined sequence in this MCO–XC plane (Fig. 2).
The carbon abundance determines the strength of the ensuing
carbon and later burning stages (e.g. Brown et al. 1996, 2001;
Podsiadlowski et al. 2004; Chieffi & Limongi 2020; Sukhbold
& Adams 2020). For example in our single stars, core carbon
burning turns radiative for a carbon mass fraction XC . 0.25 at
core helium exhaustion and also neon burning turns radiative
for XC . 0.19. With a lower mass fraction of carbon and neon,
the energy generated by carbon and neon burning can be mostly
transported away by neutrinos such that no core convection de-
velops1. We will see below that radiative carbon and neon burn-
ing are indicators for the strength of advanced nuclear burning
in general and hence the compactness of cores at core collapse.
Stars that lost their hydrogen-rich envelopes in Case A and B
mass transfer reach genuinely different conditions in terms of
XC and MCO at the end of core helium burning than single
stars (Fig. 2). Consequently, their core evolution towards super-
nova is also inherently different from that of single stars (see
e.g. Timmes et al. 1996; Brown et al. 1996, 2001; Wellstein &
Langer 1999; Podsiadlowski et al. 2004; Woosley 2019). Also,
the mapping from MCO to initial mass is of course greatly differ-
ent in Case A and B stripped stars compared to single and Case C
stripped stars (Fig. 3). This is particularly important when con-
sidering populations of stars as we do later.
1 Oxygen burning and beyond proceed under convective conditions.
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our single stars and the Case A, B and C stripped stars. Models
leading to BHs and likely experiencing significant fallback are
indicated (see Sects. 4.1 and 4.2 for more details).
In our models, the two branches in the MCO–XC plane clearly
persist up to core neon exhaustion and are still visible by differ-
ent chemical compositions after core silicon burning. Because of
this, stripped stars are expected to produce systematically differ-
ent chemical yields than single stars, as will be studied in a forth-
coming publication. By definition, Case C mass transfer leads to
the same core conditions as in single stars at the end of core
helium burning. However, this does not also automatically im-
ply that the interior structure at core collapse is exactly the same
(see below).
The two branches in Fig. 2 can be understood as follows (see
also Brown et al. 1996, 2001). During core helium burning, he-
4
F.R.N. Schneider: Pre-SN evolution, compact remnants and SN properties of stripped stars
Fig. 4. Kippenhahn diagrams of core hydrogen and core helium burning of stars with an initial mass of 17 M. The evolution of
a genuine single star (left panel a) is contrasted with that of a star that underwent (late) Case B mass transfer (right panel b).
The blue color-coding shows energy production by nuclear burning, and the green, yellow, purple and red hatched regions denote
convection, thermohaline mixing, convective overshooting and semi-convection, respectively. The blue and red dotted lines indicate
approximate helium and carbon cores, here defined as that mass coordinate where the helium and carbon mass fractions first exceed
0.5.
lium nuclei are first burnt into carbon and only at a later time
is carbon converted into oxygen via the 12C(α, γ)16O reaction.
In single stars, the convective, helium-burning core grows over
time thanks to a hydrogen-burning shell that adds mass to the
helium core (Fig. 4a). In contrast, the mass of the convective,
helium-burning core of stars that have lost their hydrogen-rich
envelope (and hence do not have a hydrogen-burning shell) stays
roughly the same or even decreases2 during core helium burning
(Fig. 4b). Consequently, there are fewer α-particles available to
convert carbon into oxygen such that these stars have larger car-
bon abundances at the end of core helium burning.
There are two further aspects that contribute to the two
branches in Fig. 2 and to differences between stripped and single
stars at core collapse. First, stars that have lost their hydrogen-
rich envelopes are compact Wolf–Rayet stars that lose mass
at different rates than extended (super)giants. In particular, the
winds directly decrease the mass of the helium cores. For ex-
ample, this increases the carbon abundance at the end of core
helium burning3 and may affect the central temperature and den-
sity. Moreover, this also applies to Case C stripped stars such that
these models tend to have smaller helium core masses at core
collapse than their single star counterparts, which can induce
differences in the pre-SN structure despite both models falling
onto the same branch in Fig. 2. Secondly, the missing weight of
hydrogen-rich envelopes reduces the pressure near the surface
of stripped stars, so their cores tend to evolve similar to those of
single stars with a slightly less-massive helium core.
Because of these differences, also the conditions for which
carbon and neon burning turn radiative change in Case A and B
stripped stars (in Case C models we could not find differ-
ences with respect to single stars). Carbon burning proceeds
2 Whether the convective-core size stays constant or decreases de-
pends on the mass loss of a star during core helium burning. In massive
stars with strong winds, the mass of the convective core decreases.
3 Switching off Wolf–Rayet winds would reduce the separation be-
tween the two branches in Fig. 2 and turning up these wind mass-loss
rates would increase it.
under radiative conditions for XC . 0.270 and neon burning for
XC . 0.205 at the end of core helium burning, while these limits
are XC . 0.250 and XC . 0.190 in our single and Case C stripped
stars. It is also evident from our models that the carbon abun-
dance alone does not determine whether the ensuing carbon- and
neon-burning phases are convective or radiative, but it is a com-
bination of XC and MCO (see also Sukhbold & Adams 2020).
3.2. Pre-SN compactness, central entropy and iron core
mass
The different starting points for the advanced-burning stages of
single and stripped stars shown in Fig. 2 persist up to the pre-SN
phase. We highlight these differences by considering the com-
pactness ξ2.5 ≡ ξM=2.5 M (O’Connor & Ott 2011),
ξM =
M/M
R(M)/1000 km
, (2)
the dimensionless central specific entropy sc and the iron core
mass MFe at core collapse (Figs. 5 and 6c). In Eq. (2), M is
the mass coordinate at radius R(M) at which the compactness
is measured. All three quantities are thought to be proxies for
how likely it is that a star explodes successfully as a supernova.
Stars with a small compactness parameter, low central entropy
and small iron core mass tend to be more explodable and form a
NS.
The compactness ξ2.5, entropy sc and iron core mass MFe
are non-monotonic functions of MCO (Figs. 5 and 6c). We con-
sider them as a function of MCO for easy comparison with the
results in Sect. 3.1 and because MCO is a relatively easily acces-
sible quantity that is also often used, e.g., in population synthesis
studies. They are essentially related to each other via the pre-
SN (iron) core mass. The compactness is directly connected to
the mass–radius relation of the “core”, as is the central entropy.
The pre-SN iron cores have adiabatic profiles (i.e. sc = const.)
such that they can be described by n = 3/2 polytropes. In
such polytropes, the polytropic constant K scales as K ∝ M3R
5
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Fig. 5. Compactness ξ2.5 (left panel a) and dimensionless central specific entropy sc (right panel b) at core collapse as a function of
CO core mass MCO. As in Fig. 2, initial masses Mini corresponding to the CO core masses of single stars are shown at the top (c.f.
Fig. 3), and the light-gray and darker-gray shadings are for radiative core carbon and core neon burning, respectively.
(P = Kρ(n+1)/n) such that the entropy is s ∝ ln K ∝ 3 ln M+ ln R
with the mass M and the radius R of the core. This implies that
all three quantities qualitatively trace the same shape as a func-
tion of MCO, as can indeed be observed in Figs. 5 and 6c.
In our single stars and Case C mass-transfer systems, the
compactness ξ2.5, entropy sc and iron core mass MFe reach lo-
cal maxima at MCO ≈ 7 M (Figs. 5 and 6c). All three quanti-
ties increase again for MCO & 11 M. The Case A and B stripped
stars follow a similar, albeit shifted trend: the local maximum
is now reached at MCO ≈ 8 M and only increases again for
MCO & 15 M. Both, the local maximum, referred to as “com-
pactness peak” from hereon, and the increase in compactness
for large MCO coincide with the transitions from convective to
radiative carbon and neon burning, respectively.
Regardless of the exact explosion mechanism, these results
show that there is an island of models around the compactness
peaks of both the single and stripped stars where a success-
ful supernova explosion is less likely. Similarly for large MCO
(& 11 M for single and Case C stars, and & 15 M for Case A
and B stripped stars), it will become less likely that stars can ex-
plode. In the range MCO = 11–15 M, Case A and B stripped
stars at core collapse have significantly smaller compactness pa-
rameters and iron core masses than single stars, implying that
they are more likely to explode. Consequently, stripped stars in
this MCO range may lead to successful explosions and NS forma-
tion whereas single stars might not explode and produce BHs.
To further understand this non-monotonic behaviour, we
consider the iron core masses as a function of MCO (Fig. 6). The
total mass of the pre-SN iron cores is set by how fast the previous
nuclear burning fronts move out in mass coordinate. Only those
core regions that completed carbon, neon, oxygen and silicon
burning will constitute the iron core. Especially the carbon- and
neon-burning fronts limit the growth of the iron cores as is il-
lustrated in Fig. 6 by the carbon-free and neon-free core masses
at core collapse (carbon- and neon-free being defined as those
regions where the respective mass fractions are < 10−5; see also
Fryer et al. 2002). Changes in the speed with which carbon and
neon burning move out in mass coordinate lead to the iron-core-
mass/compactness/central-entropy peak and the increase in MFe,
ξ2.5 and sc at MCO & 11–15 M.
In conclusion, the cores of Case A and B stripped stars, and
single and Case C stripped stars evolve qualitatively similar up
to core collapse. The SN outcome of single and Case C stripped
stars will of course differ despite the similar core structures (e.g.
SN type, the hydrogen-rich envelope that may affect the SN dy-
namics etc.; see next section).
4. Core collapse and outcome
4.1. Compact-remnant masses
While the compactness parameter, the central entropy and the
iron core mass may be viewed as proxies of the explodability
of stars, they cannot fully capture the outcome of the complex
core collapse of stars (see e.g. Pejcha & Thompson 2015; Ertl
et al. 2016; Mu¨ller et al. 2016; Burrows et al. 2020). Using the
parametric SN code of Mu¨ller et al. (2016), we predict the likely
outcome of core collapse of our models and show the resulting
NS and BH masses as functions of initial mass Mini and CO core
mass MCO in Fig. 7. We again use MCO as measured at the end of
core helium burning to allow for direct comparisons with Figs. 2,
3, 5 and 6. The CO core masses at core collapse are slightly
larger than MCO because of helium shell burning (on average
0.3%–1.4% and at most 7%).
In Fig. 7, we indicate those Case C systems that within our
assumptions would not occur in isolated binary-star evolution,
because the donor stars reach their maximum radius before core
helium burning (Sect. 2.2). We also mark models that may be
able to launch an explosion by delayed neutrino heating, but
where the energy input by neutrinos is not sufficient to expel the
entire stellar envelope according to the semi-analytic SN model.
A failed or weak supernova may result with significant fallback
of envelope material onto the formed compact remnant. Such
cases are found in both single and stripped stars beyond the re-
spective compactness peaks.
The predicted NS and BH masses from stripped stars are
on average less massive than those of single stars4 (when for
4 This is less clear for NSs from Case C mass transfer that rather
scatter around the NS masses of single stars.
6
F.R.N. Schneider: Pre-SN evolution, compact remnants and SN properties of stripped stars
1.5
2.0
2.5
3.0
3.5
4.0
4.5
5.0
M
C
,fr
ee
/
M

(a)
Single stars
Case A
Case B
Case C
1.5
2.0
2.5
3.0
3.5
4.0
4.5
5.0
M
N
e,
fr
ee
/
M

(b)
Single stars
Case A
Case B
Case C
2 5 8 11 14 17 20 23
MCO /M at core-helium exhaustion
1.6
1.8
2.0
2.2
2.4
2.6
2.8
Ir
on
co
re
m
as
s
M
Fe
/
M

(c)
Single stars
Case A
Case B
Case C
11.4 18.7 24.9 30.5 36.0 41.5 47.0 52.6
Mini /M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the moment not considering the complications due to fallback).
Most importantly, this is also true for single and stripped stars,
even if they have the same CO core masses.
In NS formation, stripped stars encounter SN shock revival
in our models at on average smaller mass cuts Mi than single
stars (Fig. 8a), which can be partly understood from their (on av-
Table 1. Initial mass ranges for NS formation in our single and
stripped binary star models.
Model Initial masses for NS formation
Single stars Mini . 21.5 M and ≈ 23.5–34.0 M
Case A Mini . 31.5 M and ≈ 36.0–72.5 M
Case B Mini . 31.5 M and ≈ 34.0–67.5 M
Case C Mini . 21.5 M and ≈ 23.5–36.0 M
erage) smaller iron cores (Fig. 6c). The initial mass cuts Mi are
closely related to the final NS mass (c.f. Figs. 7b and 8a), and
this thus explains why stripped stars form on average lower NS
masses. Also, the amount of mass involved in the accretion onto
the proto-NS, ∆M = Mf − Mi, ultimately determines the overall
neutrino luminosity and hence explosion energy (Fig. 8c). This
mass ∆M is again on average larger in stripped stars than in sin-
gle stars (Fig. 8b, excluding the fallback cases), so stripped stars
will give rise to on average more energetic SN explosions than
single stars. We come back to this and further consequences for
the kicks and nickel yields in Sects. 4.3 and 4.4.
Note also that Mi and ∆M are closely related to the mass
coordinate of the base of the O shell, M4, and the spatial mass
derivative at this point, µ4, respectively (Appendix A), i.e. to the
two structural parameters of pre-SN models that Ertl et al. (2016)
found to be good predictors of the explodability of stars. In con-
clusion, stripped stars tend to be “easier” to explode than single
stars.
In BHs, the lower masses from stripped stars compared to
single stars (Fig. 7) are rather straightforward to understand as
the BH mass is given by the total final mass of stars. This mass
is lower in stripped stars that lost their hydrogen-rich envelopes
than in single stars (Case A stripped stars produce the lowest
final masses, followed by Case B and Case C systems; for the
possibility of a partial ejection of the hydrogen envelope, see
Sect. 6.3).
The compactness peaks described in Sect. 3.2 (Fig. 5a) re-
sult in islands of BH formation (Fig. 7). These islands are at
different masses for single stars and Case A & B stripped stars,
analogously to the shifted compactness peaks. While single stars
of initially ≈ 22–24 M produce BHs of ≈ 13 M because of the
compactness peak, Case A and B stripped stars do so for ini-
tial masses of ≈ 32–35,M and give rise to BHs of ≈ 9 M (see
also Table 1). So single stars in the compactness peak produce
BHs whereas stripped stars with the same CO core mass would
produce NSs and vice versa.
Single stars of initially & 35 M produce BHs of & 17 M
in our models (Fig. 7 and Table 1). Because envelope stripping
tends to make it more likely that a star can explode, our Case A
and B stripped stars may produce BHs only for initial masses
of & 70 M (MCO & 15 M). This is connected to the relatively
moderate compactness parameters of Case A & B stripped stars
up to MCO ≈ 15 M as shown in Fig. 5a. However, our analysis
indicates that fallback may occur in some of the stripped stars
in the CO core mass range 9–15 M such that these stars may
then produce BHs. In fact, the same is true for single stars be-
yond the compactness peak, and on average 20%–40% of our
models beyond the compactness peak experience fallback and a
weak/failed SN. In conclusion, stripped stars produce NSs over
a larger range of initial and, even more importantly, over a larger
range of CO-core masses than single stars (Table 1).
There is a mass gap between NSs and BHs at about 2–9 M
(Fig. 7). This gap exists because the applied SN mechanism only
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has two outcomes: successful explosion or formation of a BH.
With partial fallback of envelope material, the gap could be nar-
rowed or even filled completely. We will come back to this in the
next section (see also discussion in Sect. 6.4).
4.2. NS–BH mass distribution
We next construct NS and BH mass distributions for stel-
lar populations born in a single starburst at solar metallicity
(Fig. 9). These distributions cannot be directly compared to, e.g.,
compact-object mass distributions from gravitational-wave ob-
servations, because the latter will be a mixture of stars of differ-
ent metallicities formed according to the cosmic star-formation
history.
To set up the population, we assume that the initial masses
of stars (in binaries, the more massive primary star M1) are
distributed according to a power-law, initial-mass function
with high-mass slope γ= − 2.3 (Salpeter 1955; Kroupa 2001;
Chabrier 2003). The primordial binary fraction is set to 70%, and
uniform distributions of mass ratio q= M2/M1 and orbital sepa-
ration a are used (M2 is the initial mass of the secondary star).
Orbital separations are limited to log a/R ≤ 3.3 (a. 2000 R).
For Case A, B and C mass transfer, we assume that binaries
merge and thus do not result in a stripped star if q< 0.5, q< 0.2
and q< 0.2, respectively (c.f. Schneider et al. 2015). We only
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Possible LBV phases are only indicated for the single stars.
consider genuine Case C systems. Accounting for all binary in-
teractions (mass losers, mass gainers, mergers and CE systems),
about 70% of all stars in our population interact by mass ex-
change in a binary and 30% evolve as effective single stars, sim-
ilarly to what is expected in Galactic O stars (Sana et al. 2012).
In our sample, there are no stars that may explode in
electron-capture supernovae (ECSNe). Such SNe have been sug-
gested to produce rather small NS masses of ≈ 1.25 M (e.g.
Podsiadlowski et al. 2004; van den Heuvel 2004; Schwab et al.
2010) that are missing in our distributions. Also, we only con-
sider one binary-mass stripping episode, where additional such
episodes can occur and may lead to ultra-stripped stars that could
then again give rise to low-mass NSs (maybe as low as 1.1 M,
see Tauris et al. 2015). The lowest baryonic iron core mass in
our sample is 1.49 M and the lowest gravitational NS mass is
1.32 M.
In Sect. 4.2.1, we first discuss the compact-object mass dis-
tributions of our default stellar-remnant masses (Fig. 7) and, in
Sect. 4.2.2, we then also consider partial fallback.
4.2.1. Default model
First, we describe the results of the genuine single stars (Fig. 9
top panel). Their NS masses follow a unimodal distribution with
a tail up to 1.9 M (the largest NS mass in the single-star sam-
ple is 1.87 M). The maximum allowed NS mass in this study
is 2.0 M, but is not reached by stars in our grid of models. A
finer grid is probably required to sample the NS mass distribu-
tion up to the highest masses. In any case, some NSs are born
massive in our models, in agreement with pulsar observations
(e.g. Demorest et al. 2010; Lin et al. 2011; Tauris et al. 2011).
High individual NS masses are also inferred in the compact ob-
ject merger GW190425 with a total mass of ≈ 3.4 M (Abbott
et al. 2020a).
The NS-mass distribution has a gap or dearth at 1.6–1.7 M
(Fig. 9a), which is caused by stars in the compactness peak
for which we predict BH formation (see the “BH island” at
MCO ≈ 7 M in Fig. 7 and the corresponding compactness peak
in Fig. 5a). Whether the NS mass distribution shows a gap,
dearth or other feature because of the compactness peak also
depends on the NS masses of other stars (see Appendix C): for
example, there is no gap or dearth if stars beyond the compact-
ness peak give rise to NS masses that are lower than those of
stars before the compactness peak.
9
F.R.N. Schneider: Pre-SN evolution, compact remnants and SN properties of stripped stars
The BH-mass distribution of single stars is bimodal
(Fig. 9b). The first peak at ≈ 12.5 M is from stars in the com-
pactness peak that failed to explode. The second, major contribu-
tion to the BH-mass distribution starts at a BH mass of ≈ 17 M.
This mass is set by the final mass of the lowest-mass single star
beyond the compactness peak that fails to explode. So this mass
is mainly set by the total (wind) mass loss of a star, which im-
plicitly depends on the exact evolutionary history of the star and
parameters such as convective-boundary mixing (e.g. convective
overshooting). The most massive BH in our sample (≈ 50 M;
not visible in Figs. 7 and 9) is essentially given by the final mass
of the most massive single star that we evolved up to core col-
lapse (here 75 M). Technically, this could be larger than what
we have in our current sample, but our models do not include
mass loss during LBV phases or other forms of pulsational and
eruptive mass loss from massive stars (see e.g. Smith 2014),
which likely limits BH masses from single stars.
We indicate stars that potentially experience LBV-like mass
loss by the black hatching in Fig. 9 and their compact remnant
masses should thus rather be considered as upper limits. Stars
are indicated to undergo enhanced mass loss if they cross the hot
side of the S Doradus instability strip (e.g. Smith et al. 2004) or
a luminosity of log L/L = 5.5 (Davies et al. 2018) for effective
temperatures Teff < 14, 350 K, e.g. as red supergiants.
The NS and BH mass distributions of stripped stars show
qualitatively similar features as those of genuine single stars.
However, there are important quantitative differences. First, the
compactness peak is at larger CO core masses and does not re-
sult in a very pronounced dearth in the NS mass distribution
(Fig. 9a). The gap in the NS mass distribution produced by the
compactness peak in single stars is now filled with NS from
stripped binary stars.
Secondly, the NS masses of stripped stars are on average
smaller than those of single stars (see also Fig. 7b). The aver-
age NS mass of our stripped binary models is ≈ 1.42 M, while
it is ≈ 1.46 M in the single star models. This systematic dif-
ference is further exemplified by the NS mass distribution of
stripped binary stars that peaks at ≈ 1.35 M while that of sin-
gle stars peaks at ≈ 1.45 M. From our models, it also seems
that the NS mass distribution of stripped stars is effectively trun-
cated at about 1.6 M, whereas that of single stars extends up to
1.9 M. The NSs born with masses & 1.6–1.7 M in the single
and stripped stars are from stars close to the transitions from NS
to BH formation. Because these transitions are at lower initial
masses for single stars, there are relatively more such massive
NSs because of the IMF and a more pronounced tail is formed
towards large NS masses.
Thirdly, the maximum BH mass of stripped stars in our sam-
ple is ≈ 20 M compared to ≈ 50 M in single stars (Fig. 9b).
This maximum mass could be slightly larger when consider-
ing stripped binary models from initially > 100 M stars. Also,
the contributions of BHs from stars in and beyond the compact-
ness peak, i.e. BH masses of ≈ 9 M and & 15 M, respectively,
are lower in stripped stars in comparison to single stars with
≈ 12.5 M and & 17 M, respectively. The main difference in the
masses is of course due to the stripped envelope in the binary
models.
There are no BHs in the mass range ≈ 2.0–8.7 M in our de-
fault model of stripped binary stars (Fig. 9 top panel). As men-
tioned above, this is because in our SN model, we assume either
a complete explosion without any fallback or no explosion with
total fallback of the whole final stellar mass. We relax this as-
sumption in the next section.
4.2.2. Fallback model
Within the applied SN model, we encounter cases where an ex-
plosion is triggered, but is then not energetic enough to explode
the whole star (the fallback cases in Fig. 7). We now assume that
50% of the presumed ejecta mass falls back and adds to the com-
pact remnant mass. Instead of forming NSs, BHs are produced.
The fallback narrows down the mass gap between NSs
and BHs from ≈ 2.0–8.7 M to ≈ 2.0–5.4 M (Fig. 9 bottom
panel). A smaller fallback fraction leads to lower compact-object
masses (i.e. BHs) and would thus further narrow down the gap.
Vice versa, a larger fallback fraction would widen it. In princi-
ple, the gap could disappear altogether, in particular if various
fallback fractions are realized in nature.
The main characteristics of the NS and BH mass distribu-
tions (c.f. Sect. 4.2.1) remain intact otherwise, e.g. stars in the
compactness peak still make a distinct contribution to the BH
distribution and may lead to a dearth in the NS distribution.
Because the fallback BHs stem from on average lower initial
masses than other BHs, they add a significant contribution to the
BH mass distribution at ≈ 5.0–8.0 M, i.e. they are the least mas-
sive BHs in our models. This contribution is larger than that from
BHs formed from stars in the compactness peak. While not im-
mediately visible in Fig. 9d, the lowest-mass fallback BHs are
still from stripped stars, but this may no longer be true when
considering that different stars may experience varying levels of
fallback.
4.3. Explosion energy and nickel mass
As described in Sect. 2.3, we re-calibrated the parametric SN
code of Mu¨ller et al. (2016) such that the average explosion en-
ergy of SN IIP is 0.69 ± 0.17 B (stripped binary models do not
contribute to this calibration). Using the same population model
as in Sect. 4.2, we show the distribution of explosion energies
of our single and stripped binary stars in Fig. 10a. The average
explosion energy of SN Ib/c is 0.88± 0.31 B (almost exclusively
stripped binary stars) and is systematically larger by 28% than
that of SN IIP.
The more energetic explosions of stripped stars in our mod-
els are a consequence of the larger mass ∆M that is accreted
onto the NS and powers the neutrino luminosity (Fig. 8c) as dis-
cussed in Sect. 4.1. Another proxy for the explosion energy is the
compactness parameter ξ2.5 (Fig. 11a; see also Nakamura et al.
2015; Mu¨ller et al. 2016). We find that models with ξ2.5 . 0.15
have a similar explosion energy of about 0.75 B and that there is
an almost linear trend of explosion energy with compactness for
ξ2.5 & 0.15. However, the scatter is large and precludes the use
of the compactness as a predictive quantity for explosion energy.
For ξ2.5 . 0.40, we exclusively find SN explosions, while both
successful and failed SNe are possible for more compact stars.
More energetic explosions also result in larger nickel yields
(Fig. 10b) and SN kicks (Sect. 4.4) as is evident from the cor-
relations of compactness with nickel yield and SN kick velocity
(Fig. 11). The correlation of nickel yield and compactness shows
the least scatter. This suggests that the nickel yields from obser-
vations could shed light on the compactness of an exploding star,
although further investigation with more detailed SN models is
warranted. Because of the more energetic explosions of stripped
stars, we find that SN Ib/c produce on average 0.059 M nickel
while SN IIP produce on average 0.039 M. Taken together,
we find an average nickel yield of 0.049 M (Fig. 10b). Higher
nickel masses in more energetic explosions can be understood as
follows. The higher explosion energies lead to higher shock tem-
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Fig. 11. Explosion energy (a), kick velocity (b) and nickel mass (c) as a function of compactness.
peratures over a larger range in the stellar interior, which enables
more nuclear burning that produces nickel.
4.4. NS and BH kicks
As is done in Sect. 4.2 and 4.3, we compute the distribution
of the mean SN kick velocities from our population of single
and stripped binary models. We consider the default and fall-
back cases separately (Fig. 12). In the fallback case, we assume
that the NS of mass MNS has received a kick of vkick before it
accretes fallback material. The new kick of the compact object
(most likely a BH) then follows from linear momentum conser-
vation,
vkick,new =
MNS
MNS + Mfallback
vkick, (3)
where Mfallback is the amount of fallback mass. As detailed in
Sect. 4.2.2, we here assume that the fallback material is 50% of
the original ejecta mass.
Note that all our kick velocities are mean values and do
not take the stochastic nature of SN kicks into account (see
Sect. 2.3). Also, the kick velocities in Fig. 12a are calibrated
to match the observed distribution of Hobbs et al. (2005), i.e.
a Maxwellian distribution with σ = 265 km s−1. In our models,
the kick velocity scales directly with explosion energy, the mat-
ter involved in the accretion onto the proto-NS and the mass of
the NS itself, (Eq. 1), vkick ∝
√
∆MEexpl/MNS,grav. Our previ-
ous findings of on average higher Eexpl, larger ∆M and smaller
MNS,grav in stripped stars compared to single stars immediately
imply that also the kicks within our SN model are on average
larger in stripped stars, as shown in Fig. 12.
Quantitatively, mean kick velocities are in the range
180–1500 km s−1 (50–1500 km s−1) without (with) fallback. The
best-fitting Maxwellian distributions are for σ = 222±23 km s−1
and σ = 315 ± 24 km s−1 in single and stripped stars, respec-
tively5.
When plotting the kick velocity against the compactness of
pre-SN stars, we see the same qualitative trend as found for the
explosion energy (Fig. 11b): successful explosions from stars
with a higher compactness lead to larger explosion energies and
hence kick velocities. Analogously to the explosion energies, the
largest kicks are found in stripped binary stars and almost all
kicks larger than 600 km s−1 are from stripped binary models.
5 The best-fitting Maxwellian distributions are for σ = 218 ±
24 km s−1 and σ = 321 ± 27 km s−1 in the 50% fallback model.
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Fig. 12. Supernova-kick distribution of all stars without (left panel a) and with (right panel b) fallback. Maxwellian distributions are
fitted to the data, and their best fit σ-values are provided.
Models likely experiencing fallback are marked in Fig. 12
and all of the BHs formed by fallback in our models receive
(mean) kick velocities in the range ≈ 50–150 km s−1, i.e. signifi-
cantly slower than most of the kick velocities of NSs. As shown
in Sect. 4.2.2, the fallback BHs populate the mass gap between
NSs and non-fallback BHs. In our models, fallback BHs would
always receive a kick, which might not be the case for more
massive BHs that may form by direct collapse. If the fallback
fraction is less than 50% of the ejecta mass, the final mass of
the compact remnant will decrease and the kick velocity will in-
crease (and vice versa). For a distribution of fallback fractions
as might be expected in reality, this implies that the average kick
velocity would decrease with increasing BH mass.
5. Compact-object populations and merger
statistics
Using a toy population-synthesis model, we now study how
binary-mass stripping may affect compact-object populations
and particularly merger rates. The toy model is meant to be sim-
ple and to offer guidance on the expected order-of-magnitude
changes in NS-NS, BH-NS and BH-BH merger rates because of
envelope stripping in binary stars. It will not be able to properly
catch all of the complex intricacies of a full population-synthesis
computation, which is left for future work. We describe the pop-
ulation set-up and assumptions in Sect. 5.1, compare a few pop-
ulation predictions to Galactic compact objects in Sect. 5.2 and
present our findings on compact-object merger rates in Sect. 5.3
and chirp-mass distributions in Sect. 5.4.
5.1. Toy population model
A typical binary system leading to a double compact-object
merger within a Hubble time undergoes the following key steps
that we try to capture in our population model. The first mass
transfer episode (e.g. Case B) from the primary to the secondary
star is stable. The primary star is stripped off its envelope, di-
rectly modifying its core evolution and hence compact-object
remnant as shown in this work. The secondary star accretes mass
and rejuvenates. If the binary survives the first SN kick, it may
undergo a second mass-transfer phase that may now be unsta-
ble and lead to a common-envelope phase. During this phase
(and possibly thereafter in another mass-transfer episode), the
initial secondary star is also stripped off its envelope with con-
sequences for its final fate and compact remnant. During the
common-envelope phase, the orbit greatly shrinks and the bi-
nary star has a higher chance to survive the kick from the second
SN. Ultimately, the two compact objects merge in a Hubble time
thanks to gravitational-wave emission. Such a channel makes up
about 70% of NS-NS mergers in the models of Vigna-Go´mez
et al. (2018).
As in Sect. 4.2, primary-star masses M1 are sampled from
a power-law IMF with γ = −2.3 and secondary-star masses
from a uniform mass-ratio distribution (the minimum compan-
ion mass is 1 M). Initial masses are limited to Mmax = 70 M
to account for the fact that wind mass loss and enhanced mass
loss from LBV-like eruptions and pulsations widen orbits such
that binary systems do not experience mass exchange anymore
(e.g. Vanbeveren 1991; Schneider et al. 2015). For the same rea-
son, we limit BH masses for our solar metallicity models to at
most 25 M. Orbital separations are limited to log amax = 3.3
as before and are sampled from a uniform distribution in log a.
We assume that binary stars undergoing Case A mass transfer
do not contribute to compact-object mergers and thus only con-
sider Case B and C systems. This is because the orbital periods
after Case A mass transfer are rather short and the subsequent
common-envelope phase likely leads to a merger (e.g. Terman
et al. 1995). After the first mass-transfer episode from the pri-
mary to the secondary star, we assume that the secondary ac-
cretes 40% of the mass of the primary star and that it rejuvenates
in the sense that its evolution after mass accretion can be well de-
scribed by its new total mass. We do not follow the exact orbital
evolution of binary stars, i.e. also not through common-envelope
phases.
The initial mass ranges for white-dwarf (WD) and NS for-
mation are different in single and binary-stripped stars, and
are closely connected to the occurrence of ECSNe6. In single
6 To be more precise, we not necessarily only have ECSNe in mind,
but also collapsing stars with very small iron cores that are not expected
to produce large SN kicks (Podsiadlowski et al. 2004). Such stars are
commonly produced in Case BB mass transfer and are referred to as
ultra-stripped stars (Tauris et al. 2015). With this definition in mind, the
initial mass range over which low SN kicks are found could even be
larger than what we assume here.
12
F.R.N. Schneider: Pre-SN evolution, compact remnants and SN properties of stripped stars
(stripped) stars, we assume WD formation for Mini < 9.5 M
(Mini < 10.5 M). Also the initial mass range of ECSNe is ex-
pected to be different in stripped binary stars compared to sin-
gle stars (e.g. Podsiadlowski et al. 2004; Tauris et al. 2017;
Poelarends et al. 2017). We assume that single stars give rise
to ECSNe for initial masses in the range 9.5–10.0 M, while this
mass range is 10.5–12.0 M in stripped binary stars. The exact
mass ranges are currently uncertain, which we find to be impor-
tant in particular for the NS-NS merger rate. Here, we want to
capture the general expectation that stripped binary stars likely
produce ECSNe over a larger initial mass range than single stars
and that higher initial masses are required because of envelope
stripping.
Supernova kicks are a key (yet considerably uncertain) ingre-
dient in predicting compact-object-merger rates (e.g. Giacobbo
& Mapelli 2018). Within our toy model, we reduce the num-
ber of binaries that can lead to compact-object mergers for each
kick and apply different reduction factors depending on whether
NSs or BHs are formed. For NSs formed in ECSNe, we do not
apply any kick reduction. For NSs formed in CCSNe, the first
and second SNe are assumed to break up 90% and 20% of bina-
ries, respectively. These are average numbers reported by Vigna-
Go´mez et al. (2018) in their more detailed population synthesis
work. Also Renzo et al. (2019) report a similar break-up frac-
tion of 86+11−9 % for the first SN in a binary system. For BHs,
we assume that 20% and none break up at the first and second
SN, respectively. If the BH formed by fallback, we increase the
break-up fraction to 40% for the first SN.
In our models we find that 20%–40% of stars beyond the
compactness peak may experience fallback and thereby BH for-
mation. We therefore assume that one third of models beyond the
compactness peak that may form NSs will experience fallback of
50% of the ejecta mass (as assumed in Sect. 4.2.2).
Initial masses are related to CO core masses and hence
NS&BH masses through fitting formulae to our single-star,
and Case A, B and C stripped binary-star models (Fig. 3 and
Appendix B). NSs from ECSNe are all assumed to have a mass
of 1.25 M (Schwab et al. 2010). Below, we also consider the
rapid and delayed supernova model of Fryer et al. (2012) for
comparison, because it is regularly employed in state-of-the-art
population synthesis computations of gravitational-wave sources
(e.g. in StarTrack, Belczynski et al. 2020, Compas, Stevenson
et al. 2017, and MOBSE, Giacobbo & Mapelli 2020), but there
are also other population synthesis models that use different pre-
scriptions (e.g. COMBINE, Kruckow et al. 2018).
In our population model, we have made an implicit assump-
tion, namely that compact-object mergers form similarly from
binaries with different primary star masses (i.e. the progenitors
of NS-NS and BH-BH mergers follow the same evolutionary
paths). Qualitatively, this may not be such a bad assumption,
but it must not necessarily hold quantitatively. For example, the
fraction of binary systems experiencing an unstable first mass-
transfer episode likely decreases with primary mass, implying
that the fraction of binary systems undergoing CE evolution is
lower in more massive primary stars (see e.g. Schneider et al.
2015). Our toy model captures part of this, because the avail-
able parameter space for Case B and C mass transfer is smaller
in more massive primary stars. Furthermore, we do not include
the close binary channel invoking chemically homogenous evo-
lution for the formation of massive BH-BH mergers (Mandel &
de Mink 2016; Marchant et al. 2016) in our toy model, and also
not dynamical formation channels (e.g. Rodriguez et al. 2015;
Mapelli 2016; Banerjee 2017).
In the following, we make a differential analysis and only
consider relative quantities. In particular, we consider the fol-
lowing models that mainly differ in their mapping from initial to
compact-remnant masses:
– Single: The final fate (i.e. ECSN, CCSN and NS or BH for-
mation) and the compact remnant mass of the primary and
secondary star in binaries are according to our single star
models (see Figs. 3 and B.1a). This is known to be a partic-
ularly bad assumption and is considered here only for refer-
ence.
– Default: This is our default model. We map the initial masses
of stars to CO core masses and then to compact object
masses using our Case B models (see Figs. 3 and B.1c).
– CPS: This and the following two models are our attempt to
mimic what is done in current population-synthesis (CPS)
models. As in our default model, we map the initial masses
of the primary and secondary star to CO core masses us-
ing our Case B stripped binary star models, but the mapping
from CO core mass to final fate (e.g. NS or BH formation)
is according to our single star models. If a NS is formed, we
use the NS mass predicted by the single-star mapping, and
BH masses are equal to the final mass of the Case B stripped
model.
– F12 rapid: As is in the CPS model, but the mapping from
pre-SN CO core mass to compact remnant mass is according
to the rapid explosion model described in Fryer et al. (2012).
– F12 delayed: As is in F12 rapid, but now using the delayed
explosion model of Fryer et al. (2012).
5.2. Comparison to Galactic compact objects
In Table 2, we summarise a few key quantities of the models
described in Sect. 5.1. The NS to BH ratio is computed for stars
initially up to 100 M. The NS to BH ratio in our stripped-binary
models is significantly higher than in the single star models and
the two F12 models. This is because the envelope stripping in our
binary models greatly extends the initial mass range over which
NS and not BH formation is found (Table 1). While the differ-
ences in the NS to BH ratios are large, they appear less drastic
when considering the fraction of NSs among all NSs and BHs
(NNS and NBH being the number of NSs and BHs, respectively),
NNS
NNS + NBH
=
fNS/BH
fNS/BH + 1
≈ 75%–94% (4)
for fNS/BH = 3–15 (Table 2). In particular, the NS fraction is
only three per-cent points higher in our default stripped binary
model (94%) than in the CPS model (91%), despite the quite
large difference in the NS to BH ratio and the fact that about 1/3
of the BHs in the CPS model are NSs in the default model.
In all models, NSs are mostly single (&80% of all NSs) be-
cause of the SN kicks, while about half of all BHs are single and
the other half is in binary systems with another compact object
(Table 2).
In particular, we consider the fraction of single radio pul-
sars to be a key benchmark for SN kick prescriptions in popula-
tion synthesis models. We define NSs as radio pulsars if they are
not expected to have accreted mass (e.g. all second-born NSs).
Analogously, we denote NSs as recycled if they likely accreted
mass during their life (e.g. the first-born NSs in binaries that
are not broken up by kicks). In all models, about 90% of radio
pulsars are single, which appears to be in broad agreement with
observations (J. Antoniadis and M. Kramer, private communica-
tion). About 15%–20% of all recycled pulsars are single given
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Fig. 13. Expected changes of intrinsic gravitational-wave merger rates compared to our default model (panel a) and ratios of detec-
tion rates (panel b).
Table 2. Fractions of NSs to BHs ( fNS/BH), single NSs ( f sNS), sin-
gle BHs ( f sBH), single radio pulsars ( f
s
rad PSR), single recycled pul-
sars ( f srec PSR), double-neutron-star (DNS) systems with at least
one NS formed in an ECSN ( fDNSECSN) and NSs in binaries after the
first SN ( f 1st SNBNS ) in the considered toy population models.
Model fNS/BH f sNS f
s
BH f
s
rad PSR f
s
rec PSR f
DNS
ECSN f
1st SN
BNS
Single 4.3 86% 47% 91% 18% 32% 44%
Default 14.7 80% 56% 88% 17% 65% 84%
CPS 9.6 80% 58% 88% 17% 67% 80%
F12 rap. 3.2 79% 36% 87% 17% 69% 62%
F12 del. 1.9 75% 31% 84% 17% 75% 44%
our SN kick assumptions, which is an interesting prediction that
could be tested against future observations.
The NS-NS merger rate relates directly to double NS sys-
tems. In about 70% of these, at least one NS formed in an
ECSN in our toy population (or more generally in a low-kick
SN; Table 2). This is because we assume that binaries are not
broken up by ECSNe. Tauris et al. (2017) compile a list of 13
double NS systems of which six systems have known compo-
nent masses. Four of these systems have one NS with a mass of
< 1.3 M and a rather moderate eccentricity (e < 0.1–0.2). From
that we infer that roughly two thirds (67%) of known double NS
systems have at least one NS that formed in a low-kick SN (e.g.
an ECSN or from a low-mass iron core progenitor, hence the low
NS mass and moderate eccentricity). These statements are based
on low-number statistics and should not be over-interpreted, but
provide credibility to our assumed kick prescriptions and mass
range for ECSNe from stripped binary stars.
A direct consequence of these assumptions is that many
if not most NS-NS mergers in stripped binary populations are
related to low-kick SNe and the mass range over which they
form. Binary break-up fractions and the size of the parameter
space from which low-kick SNe may be expected (e.g. ECSNe;
Podsiadlowski et al. 2004; Poelarends et al. 2017) are therefore
probably a significant source of uncertainty in the NS-NS merger
rates of more elaborate population synthesis models and war-
rants further investigation.
5.3. Compact-object merger rates
Here, we consider the intrinsic merger rates of compact objects
in our toy population model and also estimate detection rates.
For the latter, we consider the signal-to-noise S/N of a merger
event in a single gravitational-wave detector. It is higher for a
larger redshifted chirp mass, Mchirp(1 + z) (where z is the red-
shift), and a closer (luminosity) distance to the source, dL, (e.g.
Finn & Chernoff 1993; Finn 1996),
S/N ∝ 1
dL
[
Mchirp(1 + z)
]5/6
. (5)
The chirp mass Mchirp = (m1m2)3/5 / (m1 + m2)1/5 is directly
measured from the frequency evolution of the gravitational-wave
signal and is larger for more massive component masses m1 and
m2. Merger events with a larger chirp mass (e.g. BH-BH merg-
ers) therefore result in a higher signal-to-noise and are observ-
able over a larger volume/fraction of the Universe. For a fixed
signal-to-noise, dL ∝ (Mchirp)5/6 such that the observable vol-
ume Vobs ∝ (dL)3 ∝ (Mchirp)5/2. To first order, we therefore ex-
pect that the rates of compact-object mergers R ∝ (Mchirp)5/2 (see
also Finn & Chernoff 1993; Finn 1996). Below, we use this scal-
ing of the merger rates with chirp mass to estimate the detection
rates of gravitational-wave merger events (this does not take into
account the frequency dependence of the detector’s sensitivity
curve).
Changes in the intrinsic merger rates of NS-NS, BH-NS and
BH-BH with respect to our default population model are shown
in Fig. 13a (∆Rx = [Rdefault − Rx]/Rx, i.e. positive [negative] dif-
ferences are for higher [lower] merger rates in the default model
with respect to a comparison model x). As expected from the NS
to BH ratio (Table 2), the NS-NS merger rate is intrinsically the
highest in our default model. When considering the detected NS-
NS merger rate, the CPS Model has a higher NS-NS merger rate
than the default model, because the NS masses and hence the
chirp masses are on average smaller in the stripped binary mod-
els than in the single star models employed in the CPS model.
It is not only the bare NS to BH ratio that sets the formation
rate of NS-NS mergers, but also the number of NSs that receive
such kicks that binaries are not broken up. Hence, low-kick SNe
such as ECSNe can make a big difference: for example, restrict-
ing the initial mass range for the occurrence of ECSNe in our
default model (10.5–12.0 M) to the same as used in the single-
star population model (9.5–10.0 M), would reduce the NS-NS
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merger rate by about 60% despite the now lower initial mass
threshold for the formation of NSs. This also explains a large
part of the difference in the NS-NS merger rate between our sin-
gle and default population model. Also, the larger intrinsic NS-
NS merger rate of our default model in comparison to the CPS
(2%), the F12 rapid (6%) and the F12 delayed models (15%) is
due to the larger NS to BH ratio (Table 2), as we apply the same
assumptions on ECSNe in these models.
The intrinsic and detected7 BH-NS and BH-BH merger rate
is the lowest in our default model (Fig. 13a). In particular the
BH-BH merger rate can be lower by even an order of magni-
tude (∆R ≈ −90% with respect to the F12 rapid and delayed
models) when considering that our stripped binary stars produce
NSs rather than BHs over a large initial-mass range (Sect. 4.1).
Even the seemingly small difference in the mapping from CO
core masses to NS or BH formation between our default and the
CPS model (i.e. shifted compactness peak and BH formation at
smaller compactness in the single star models with respect to
the stripped envelope models) leads to a decrease in the intrinsic
BH-NS and BH-BH merger rates by about a quarter. We note
again that our toy population lacks a potential contribution from
BH-BH mergers from stars evolving chemically homogenously
in close binaries and in dense stellar systems such as star clus-
ters.
Within a differential analysis, we next consider the merger-
rate ratios RBHBH/RNSNS, RBHNS/RNSNS and RBHBH/RBHNS.
These ratios are a promising way to compare models to
gravitational-wave observations, because the individual ratios
are influenced differently by certain physical mechanisms. Here,
we focus on the question of how the pre-SN structures relate to
NS and BH formation. The single star model clearly stands out
with the highest rate ratios. The merger rate ratios are so high
because of the relatively low NS to BH ratio (Table 2), the lim-
ited initial-mass range of NS formation in low-kick SNe (here
ECSNe) and the on average larger BH masses of the single-star
models compared to the stripped-binary models. The latter leads
to larger chirp masses and thus higher detection rates.
In the F12 rapid and delayed models, the individual BH
masses are smaller than those in the single star models because
of envelope stripping. Hence, also the chirp masses of merg-
ers involving BHs are smaller and thereby the detected BH-
BH and BH-NS merger rate. At the same time, the NS-NS rate
is increased due to the larger contribution of NSs from low-
kick SNe (here ECSNe). Together this drastically reduces the
RBHBH/RNSNS and RBHNS/RNSNS merger-rate ratios (Fig. 13b).
The ratio RBHBH/RBHNS stays about the same, because the NS to
BH ratios are quite similar in the three models (Table 2).
Comparing the F12 rapid and delayed models to our de-
fault and CPS models, the initial-mass range for NS forma-
tion is larger in the latter models such that fewer BHs are
formed. As shown in Fig. 13a, this decreases the intrinsic BH-
BH and BH-NS merger rates and increases the NS-NS merger
rate. Consequently, RBHBH/RNSNS and RBHBH/RBHNS decrease
and RBHNS/RNSNS remains about the same in our toy population
model (Fig. 13b). To fully understand this picture, we note that
the F12 rapid and delayed models predict more lower-mass BHs
than our default and CPS models such that they contribute rela-
tively less in the detected merger rates involving BHs. For exam-
ple, this explains why the intrinsic BH-BH merger rate is almost
a factor of 10 higher in the F12 models than in our default model
but the detected RBHBH/RNSNS ratio is only a factor of ≈ 6 larger.
7 Not shown in Fig. 13a.
5.4. Chirp-mass distribution
In the following, we compute chirp-mass distributions of NS-
NS, BH-NS and BH-BH mergers from their detection rates8. In
particular, we will highlight characteristic features that can be
directly linked to our models of stripped binary stars.
The chirp-mass distribution of the default, CPS and F12 de-
layed model are shown in Fig. 14a. In Fig. 14b, we only show
results for the default model with switched-off fallback to high-
light the most important features. The chirp-mass distribution is
multi-modal and there are three main components from NS-NS,
BH-NS and BH-BH mergers at log Mchirp ≈ 0.1, ≈ 0.5 and ≈ 1.0
that are further split into sub-components (Fig. 14b). To help un-
derstand these features, we recall that the compact object masses
from our stripped binary models without fallback (stripped stars
contribution in top panel of Fig. 9) are essentially split into three
main groups: NSs (≈ 1.4 M), lower-mass BHs (BHL; ≈ 9 M)
from stars in the compactness peak and higher-mass BHs (BHH;
≈ 17 M). Mergers of compact objects from these three groups
then explain the six components observed in Fig. 14b:
– the NS-NS contribution at log Mchirp ≈ 0.09,
– the two BH-NS contributions at log Mchirp ≈ 0.46 (BHL+NS)
and log Mchirp ≈ 0.57 (BHH+NS) and
– the three BH-BH contributions at log Mchirp ≈ 0.89
(BHL+BHL), log Mchirp ≈ 1.03 (BHL+BHH) and
log Mchirp ≈ 1.17 (BHH+BHH).
Also the contribution from low-mass NSs from ECSNe of
1.25 M are visible by the double peak in the chirp-mass dis-
tribution of the NS-NS mergers and the shoulders towards lower
chirp masses of the two BH+NS contributions.
Accounting for fallback in the default model (Fig. 14a), we
see that further components are added to the chirp-mass distri-
bution. Assuming an average fallback BH mass of about 6 M
(BHF), adds four components at
– log Mchirp ≈ 0.38 (BHF+NS),
– log Mchirp ≈ 0.70 (BHF+BHF),
– log Mchirp ≈ 0.80 (BHF+BHL) and
– log Mchirp ≈ 0.93 (BHF+BHH).
Overall this leads to a smearing out of the main features.
Comparing the CPS model to the default model, we see that
some features are shifted to lower chirp masses. For example,
this is because the compactness peak is at lower CO core masses
in single stars, so the BH masses from stars in the compactness
peak of the CPS model is at lower masses than that of the default
model (c.f. Fig. B.1). All components in the chirp-mass distribu-
tion that involve BHL are thus slightly shifted to lower masses.
The most dramatic difference in the chirp-mass distribution is
found for the F12 delayed model. In this model, there is no mass
gap between NSs and BHs. So there are no longer individual
components in the NS–BH mass distribution and thus also not in
the chirp-mass distribution.
Our toy populations are only for stars of one metallicity and
we have not incorporated the cosmic star-formation history. The
chirp-mass distribution that will be available from gravitational-
wave observations is going to be a convolution of various pop-
ulations of different metallicities. As discussed in Sect. 4.1, in
particular the BH masses, e.g., depend on the total (wind) mass
loss of stars. Stronger (weaker) winds at higher (lower) metallic-
ities tend to shift BH masses to lower (higher) values. This way,
8 This means that the intrinsic chirp-mass distribution can be ob-
tained by dividing the shown distribution by M5/2chirp (see Sect. 5.3).
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Fig. 14. Chirp-mass distributions of NS-NS, BH-NS and BH-BH mergers for our default, the CPS and F12 delayed model (left panel
a), and for the default model without fallback (right panel b).
we expect the components in the chirp-mass distribution to be
effectively further smeared out in real observations.
6. Discussion
6.1. General remarks and uncertainties
Wind mass-loss rates of massive stars are uncertain (e.g. Smith
2014). This is true for winds of main-sequence, (red) supergiant
and Wolf–Rayet stars. The latter are of particular relevance for
stripped stars that become Wolf–Rayet stars (e.g. Fryer et al.
2002). Stronger winds have the tendency to not only reduce
the overall stellar masses but also core masses. Similarly to the
most extreme form of mass loss, namely binary envelope strip-
ping, the more mass is lost by winds, the larger is the core car-
bon mass fraction at core helium depletion with similar conse-
quences as discussed in this work for Case A and B stripped
stars. Enhanced wind mass loss after core helium burning will
most likely not drastically affect the pre-SN structure, analo-
gously to what is found for Case C envelope stripping. While the
final fate (e.g. explodability, compact remnant mass, explosion
energy etc.) is a non-monotonic function of the CO core mass,
the general expectation is that stronger winds make it easier for
stars to explode, enhance the NS formation rate, lead to more
energetic explosions, faster kicks and higher nickel yields, and
vice versa for weaker winds. Stellar winds scale with metallicity
(c.f. Sect. 2.1), such that stars at higher metallicity than studied
here experience more mass loss with the above described con-
sequences (and vice versa for stars at lower metallicity, hence
weaker winds).
LBV-like mass loss via steady winds and eruptive episodes
is not considered here, but will contribute to the total mass loss
of stars. As discussed in Sect. 4.2.1 and shown in Fig. 7, this is
most relevant for single stars that may produce BHs. Stripped bi-
nary stars only cross the LBV instability strip in the HR diagram
before envelope removal and usually do not reach this regime
thereafter. The enhanced mass loss through LBV-like winds will
reduce the final total mass of stars and hence the BH mass. The
BH masses from single stars reported in this work are therefore
rather upper limits (c.f. Fig. 7).
In this study, we have assumed that BHs form by direct col-
lapse, i.e. without neutrino emission. However, if BH-forming
progenitors first form a proto-NS that then subsequently col-
lapses to a BH, neutrinos can radiate away a non-negligible
amount of energy and hence mass (≈0.3 M) such that the outer
layers of a star might get unbound and power a weak transient
(Nadezhin 1980; Lovegrove & Woosley 2013; Coughlin et al.
2018). This in turn effectively reduces the BH mass. Because of
this, it is often assumed that the resulting BH mass is 90% of
the final baryonic mass of a star (e.g. Fryer et al. 2012). So if
most BHs do not form by direct collapse, our BH masses may
be overestimated by about 10%. This most likely applies to the
BHs formed by fallback in our models.
Convective (core) overshooting or more generally speaking
convective boundary mixing greatly affects stars and remains an
active field of research (e.g. Kippenhahn et al. 2012; Stancliffe
et al. 2015). Convective core overshooting driven by the major
burning cycles enlarges core masses and prolongs the respective
burning cycle. For example, on the main sequence and during
core helium burning, this implies that overshooting sets the re-
lation between initial and CO/iron core mass, and hence, e.g.,
the relative numbers of NSs and BHs formed by a stellar popu-
lation. More directly, a larger core overshooting on the main se-
quence allows stars to evolve to cooler temperatures, which has
further implicit consequences: cooler stars lose more mass via
winds and the total mass loss then affects the core evolution and
hence final fate. We include moderate “step overshooting” of 0.2
pressure scale heights for core hydrogen and helium burning.
A similar amount of overshooting is applied in some state-of-
the-art stellar grids (e.g. Ekstro¨m et al. 2012; Chen et al. 2015),
whereas in others an even larger overshooting is applied to match
the wide main sequence at masses & 10–15 M (e.g. Brott et al.
2011; Castro et al. 2014; Choi et al. 2016). Also, during the late
burning stages, convective boundary mixing in shell burning re-
gions may trigger shell mergers, which could result in enhanced
nuclear burning with consequences for the stellar structure. We
do not consider convective boundary mixing beyond core helium
burning.
The 12C(α, γ)16O reaction is key to several stellar astrophys-
ical applications, but remains uncertain (e.g. deBoer et al. 2017).
In Sect. 3.2, we stress the importance of the central carbon abun-
dance after core helium burning for the evolution of stars towards
core collapse. The 12C(α, γ)16O is key as it sets the rate at which
carbon is converted into oxygen during the later phases of he-
lium burning and thus sets the carbon abundance after this burn-
ing episode. Moreover, depending on the strength of this rate,
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the energy release and hence size of the convective core during
helium burning could even be larger or smaller. As shown by,
e.g., Imbriani et al. (2001), the exact 12C(α, γ)16O rate may influ-
ence whether core carbon burning proceeds convectively or ra-
diatively with all the consequences for the pre-SN structure and
SN as also discussed here. For example, the CO core mass range
corresponding to the compactness peak and hence a possible is-
land of BH formation is intimately connected to this reaction rate
(see also Sukhbold & Adams 2020). However, regardless of the
value of this rate, Case A and B stripped binary stars will always
give rise to stars with a systematically larger carbon abundance
after core helium burning than single and Case C stripped stars
(Fig. 2).
6.2. Comparison to other stellar evolution models
Several groups have computed pre-SN stellar models (e.g.
Woosley et al. 2002; Hirschi et al. 2004; Woosley & Heger 2007;
Chieffi & Limongi 2013; Sukhbold & Woosley 2014; Sukhbold
et al. 2016; Farmer et al. 2016; Sukhbold et al. 2018; Chieffi &
Limongi 2020, to mention a few more recent publications). All
of these models have in common that they predict a steep in-
crease in the core compactness at the transition from convective
to radiative core carbon burning. This transition and compact-
ness peak is at different masses in the models, because of dif-
ferent physics assumptions. For example, convective core over-
shooting, the still uncertain 12C(α, γ)16O nuclear reaction rate,
and wind mass loss all affect the location of the compactness
peak (see also Brown et al. 2001; Sukhbold & Adams 2020).
Furthermore, the compactness is observed to increase again
beyond the compactness peak in many models, but this increase
is closely connected to the adopted wind mass-loss routines, in
particular the Wolf–Rayet mass-loss rates (e.g. Woosley et al.
1993; Fryer et al. 2002). Larger wind mass loss (and in the
most extreme case envelope stripping in binaries) are seen to
reduce the compactness (see also Sukhbold et al. 2018), just as
is found in this work. In conclusion, the general landscape of
compactness (or alternatively central entropy or iron core mass,
c.f. Sect. 3.2) appears to be robust across different codes and as-
sumptions on key physical processes.
Binary envelope stripping is often mimicked by considering
helium star evolution (e.g. Woosley et al. 1995; McClelland &
Eldridge 2016; Woosley 2019), but full binary evolution mod-
els up to core collapse are also available (e.g. Wellstein &
Langer 1999; Fryer et al. 2002). From the evolution of stars
without a hydrogen-rich envelope, Timmes et al. (1996) and
Brown et al. (2001) realized that stripped stars have a differ-
ent pre-SN core structure and that this is related to the higher
carbon mass fraction in stripped stars compared to single stars
(see also Podsiadlowski et al. 2004, and Sect. 3.2). As we have
shown in this work, these genuinely different core structures of
stripped stars lead to a compactness peak shifted to higher CO
core masses and a compactness that increases only at higher CO
core masses in stripped stars compared to single stars (Fig. 5).
This is in line with, e.g., the findings of Woosley (2019) from
helium star models (see also Ertl et al. 2020).
Our results further suggest that Case C envelope removal,
i.e. envelope stripping after core helium burning (Fig. 1), leads
to similar compactness values as in single stars (e.g. the com-
pactness peak is at the same CO core masses, Fig. 5). This is
because the core structure in terms of CO core mass and core car-
bon mass fraction is already set at the end of core helium burn-
ing. However, we find that the explosion energies, kick veloci-
ties and also compact remnants masses of Case C binary models
are not necessarily the same as in single stars. For example, the
binding energy of the envelope will be different as is the helium
core mass. Helium star models are thus less suitable to describe
Case C envelope removal.
6.3. NS and BH formation
The transition from NS to BH formation is sometimes thought to
occur at a critical initial mass (see e.g. the well known schematic
picture in Heger et al. 2003). Such a simple picture is not
supported by more recent studies and a more complex, non-
monotonic pattern of NS and BH formation has emerged (e.g.
Sukhbold et al. 2016; Ertl et al. 2016). It has even been dis-
cussed whether these patterns are stochastic in nature (Clausen
et al. 2015).
Here, we find a somewhat less random landscape of NS and
BH formation that closely follows the final compactness (or
alternatively iron core mass or central entropy, see Sect. 3.2).
Regardless of whether the pre-SN star is a genuine single star or
has been stripped off its envelope by binary mass exchange, all
models give rise to a compactness peak related to the transition
from convective to radiative core carbon burning for which BH
formation is found in our models. Beyond the compactness peak,
NS formation is possible again, but we also find failed SNe and
BH formation by fallback in cases where an explosion is trig-
gered initially, but stalls later on. In even more massive stars, a
SN explosion is not found and BHs are formed (Fig. 7).
Observationally, BH rather than NS formation may manifest
itself in the highly-debated missing red-supergiant (RSG) prob-
lem, i.e. in possibly missing high-luminosity stars (log L/L &
5.1) among observed progenitors of Type IIP SNe (e.g. Smartt
2009, 2015). This luminosity threshold contrasts with the in-
ferred maximum luminosity of RSGs of log L/L ≈ 5.5 in the
Milky Way, and Small and Large Magellanic Clouds (Davies
et al. 2018), Hence, RSGs with log L/L ≈ 5.1–5.5 may not ex-
plode, but rather collapse to a BH. It should be noted that obtain-
ing robust bolometric luminosities from pre-explosion photome-
try is challenging (e.g. Davies & Beasor 2018) and the maximum
luminosity of SN IIP progenitors may be higher by 0.1–0.2 dex
(e.g. Davies & Beasor 2020). Still, the missing RSG problem ap-
pears to persist at the 1–2σ significance level (Davies & Beasor
2020).
By monitoring a million supergiants for failed SNe
(Kochanek et al. 2008), a first RSG of log L/L ≈ 5.3–5.5 has
been found to disappear without a SN IIP explosion (N6946-
BH1; Gerke et al. 2015; Adams et al. 2017; Basinger et al. 2020).
Instead, the star gave rise to a weak transient similar to the failed
SN models of a star collapsing to a BH by Lovegrove & Woosley
(2013).
Taken together, it seems that some RSGs collapse to a
BH. Our single star models in the compactness peak (Mini ≈
21.5–23.5 M) reach luminosities of log L/L ≈ 5.3–5.5 at core
collapse and are predicted to form BHs (our stripped envelope
models will give rise to SN Ib/c). This association of BH forma-
tion and the high compactness in RSGs that burn carbon radia-
tively in their core has also been made by Sukhbold & Adams
(2020). They also find that the 12C(α, γ)16O reaction rate leads
to significant uncertainty regarding the question of which RSG
collapse to a BH (see discussion above).
Our single star models predict NS formation for stars be-
yond the compactness peak such that it is conceivable that
somewhat more luminous RSGs (log L/L & 5.4–5.5 in our
single star models) explode again in Type IIP SNe and pro-
duce NSs. However, stellar winds in these stars are strong (see
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also Sect. 6.1) and the associated SN explosion might transi-
tion to Type II-L, II-b or even I-b, depending on the remaining
hydrogen-rich envelope.
The initial mass range for NS formation is considerably
larger in our stripped binary models than in the single stars
(Table 1). This has important ramifications for, e.g., the oc-
currence of NSs and BHs in young star clusters and in mas-
sive binaries. Understanding the existence of the X-ray pulsar
CXO J164710.2-455216 in the young star cluster Westerlund 1
with a turnoff mass of about 40 M is difficult if not impossi-
ble from a single-star point of view (Muno et al. 2006), because
single stars of initially > 40 M are expected to form BHs. This
implies that the progenitor star of CXO J164710.2-455216 expe-
rienced strong mass loss, e.g., via binary envelope stripping or
an LBV-like (giant) eruption (see also Belczynski & Taam 2008,
for a binary-stripping interpretation).
Similarly, the high present-day masses of companions to NSs
in some X-ray binaries may only be understood when account-
ing for the binary-mass stripping history of the NS progenitors.
However, this depends on how conservative mass transfer was
in the evolution leading to the X-ray binary. For example, in the
X-ray binary Wray 977/GX 301-2 (4U 1223-62), the B hyper-
giant companion Wray 977 has a current day inferred mass of
39–53 M (Kaper et al. 2006), i.e. the total initial mass of the bi-
nary must have been larger than that. Within a non-conservative
mass-transfer scenario, Ergma & van den Heuvel (1998) sug-
gest an initial progenitor mass of > 50 M for the X-ray pulsar
GX 301-2, while Wellstein & Langer (1999) show that, within
a more conservative mass-transfer scenario, an initial progenitor
mass of 26 M suffices to explain the present-day configuration
of Wray 977. In both scenarios, our stripped binary models in-
deed predict NS formation.
6.4. NS–BH mass gap and X-ray binaries
Depending on the amount of fallback, our models do or do not
show a mass gap between NSs and BHs (Sect. 4.2 and Fig. 9).
Without fallback, the gap is at ≈ 2–9 M in the stripped binary
stars and it narrows down to ≈2–5 M in the 50% fallback mod-
els. For smaller fallback fractions, the gap narrows down fur-
ther. Hence, the extent and existence of the gap is set by the
SN physics. Only for sufficiently higher total mass loss than as-
sumed here, models would predict pre-SN stellar masses that
could lead to a rather smooth transition from NSs to BHs with-
out a gap (see also Fryer et al. 2002). This could be realized in
stars at a metallicity significantly higher than solar.
Models of neutrino-driven explosions coupled to stellar
models are in agreement with our conclusions on a possible NS–
BH mass gap (Ugliano et al. 2012; Pejcha & Thompson 2015;
Sukhbold et al. 2016; Mu¨ller et al. 2016; Sukhbold et al. 2018).
Other explosion models do not predict such a gap (e.g. Fryer &
Kalogera 2001; Zhang et al. 2008; Fryer et al. 2012), but this
depends on the assumption of whether an explosion is triggered
rapidly or delayed. In the latter case (c.f. F12 delayed model
in Fig. 14), accretion of fallback material on the central com-
pact remnant closes the NS–BH mass gap that is predicted in the
rapid explosion model. As before, we thus conclude that fall-
back or accretion onto a central compact object in delayed SN
explosions is the main mechanism that governs the existence and
width of a possible NS–BH mass gap (see also Belczynski et al.
2012; Kochanek 2014; Chan et al. 2020).
From observations of Galactic X-ray binaries, O¨zel et al.
(2010) and Farr et al. (2011) infer BH masses of & 5 M (see
also Casares et al. 2017). Together with a maximum NS mass
of about 2 M (e.g. Demorest et al. 2010; Antoniadis et al.
2013), this suggested a NS–BH mass gap in the range 2–5 M.
Kreidberg et al. (2012) caution that systematics could have lead
to overestimated BH masses from some X-ray binaries, which
may reduce the determined BH masses to a value inside the mass
gap.
The existence of this gap is challenged. First, Thompson
et al. (2019) report the discovery of a ≈ 83 d binary contain-
ing a rapidly rotating giant star and a 3.3+2.8−0.7 M dark ob-
ject, most likely a BH. Secondly, there are claims with po-
tentially large systematic uncertainties of pulsars with masses
above 2 M, e.g. the ≈ 2.7 M millisecond pulsar in the glob-
ular cluster NGC 6440 (Freire et al. 2008). Thirdly, in grav-
itational microlensing events, compact objects in the NS–BH
mass gap may have been found (Wyrzykowski & Mandel 2020).
The individual mass measurements of these objects are con-
sistent with masses . 2 M and & 5 M within their uncertain-
ties. However, interpreting all individual observations simulta-
neously within a certain model for the compact-object mass
distribution, Wyrzykowski & Mandel (2020) strongly disfavour
the existence of a NS–BH mass gap at 2–5 M. Fourthly, from
gravitational-wave emission of merging compact objects, Abbott
et al. (2020b) report the merger of a 22.2–24.3 M BH with a
2.50–2.67 M compact companion (GW190814; 90% credibil-
ity intervals). Previously, only BHs of masses of & 7 M have
been observed in gravitational-wave merger events (e.g. Abbott
et al. 2019). The previous BH+BH mergers did not invoke BHs
of such unequal masses, which may point to a rarer formation
channel. So it seems that the previous suggestion of the exis-
tence of a NS–BH mass gap may no longer hold true.
In principle, compact objects in X-ray binaries can trace in-
trinsically different compact-object populations, may have dif-
ferent evolutionary paths and even different origins than compact
objects in wider binaries without X-ray emission, microlensing
surveys and gravitational-wave merger events. For example, mi-
crolensing can find the remnants of NS-NS mergers (e.g. the
2.7 M remnant of GW170817; Abbott et al. 2017), primordial
BHs (e.g. Zel’dovich & Novikov 1967; Hawking 1971; Carr
et al. 2016) and also BHs ejected from binary systems by SN
kicks (e.g. Willems et al. 2005; Fragos et al. 2009). Similarly,
the unusually large mass ratio of GW190814 may point to a rare
formation channel (Abbott et al. 2020b).
If BHs form via direct collapse, they might not receive a
kick. In our fallback cases, as discussed in Sect. 4.4, BHs re-
ceive a kick and the kick velocity is larger for fewer fallback
material. This means that the least massive BHs formed via fall-
back receive the largest kicks and the most massive BHs receive
the smallest kicks. In our models, BHs . 9 M in stripped binary
stars (and . 12 M in single stars) receive kicks whereas more
massive BHs might not. From our toy population model we see
that about 50–60% of BHs are single and no longer in binaries.
Within our models, the formation of BHs with the least fallback
is most likely to break up binaries by SN kicks and this popu-
lation of low-mass BHs may explain some of the NS–BH mass
gap objects found by Wyrzykowski & Mandel (2020). This idea
does not exclude the existence of BHs of 2–5 M in X-ray bi-
naries, but it would make it less likely and could help to reduce
some of the apparent tension.
From observations of X-ray binaries, it is clear that some
BHs formed in a SN and received a kick, because the com-
panion stars show chemical signatures of a SN event and the
binary has a high space velocity (see e.g. GRO J1655-40 also
known as Nova Sco 1994; Brandt et al. 1995; Israelian et al.
1999; Podsiadlowski et al. 2002; Willems et al. 2005). But
18
F.R.N. Schneider: Pre-SN evolution, compact remnants and SN properties of stripped stars
also the large distance to the plane of the Milky Way of BH
X-ray binaries suggests that they have received a kick (e.g.
Jonker & Nelemans 2004; Repetto & Nelemans 2015). As
noted by Casares et al. (2017), it is interesting that Cygnus X-
1 and GRS 1915+105, X-ray binaries with BHs of ≈ 15 M and
≈ 12 M, respectively, likely received no or only a small kick
(e.g. Mirabel & Rodrigues 2003; Reid et al. 2014), whereas
XTE J1118+480 (e.g. Mirabel et al. 2001; Fragos et al. 2009),
the aforementioned GRO J1655-40 and likely also V404 Cygni
(e.g. Miller-Jones et al. 2009a,b) with BH masses of ≈ 7–8 M,
≈ 5.4 M and ≈ 9 M, respectively, probably formed with a na-
tal kick. This could indeed be a hint that less massive BHs are
formed with a higher kick than their more massive counterparts
as suggested above.
The most massive BH in our stripped binary models is
≈ 20 M, i.e. somewhat larger than one of the most massive BHs
observed in an X-ray binary in the Milky Way (i.e. Cyg X-1 with
≈15 M, Orosz et al. 2011). As discussed in Sect. 6.1, if BHs
do not form by direct collapse, but if a proto-NS is formed first
that can emit neutrinos, our BH masses are somewhat overes-
timated. In general, the most massive BH in stripped stars is
closely linked to the Wolf–Rayet wind mass loss after the loss
of the hydrogen-rich envelope (see also Fryer et al. 2002). So
while the difference between our maximum BH mass and that of
Cyg X-1 is not large, it may suggest that the Wolf–Rayet wind
mass loss applied in our models is too low.
6.5. Explosion energies, nickel yields and kicks
Observations of SN light curves suggest that, on average,
stripped-envelope SNe produce more 56 Ni and are more ener-
getic – just as predicted by our models (Sect. 4.3). At first glance,
the observed differences are quite dramatic, for example the re-
cent meta-analysis of Anderson (2019) gives median values of
0.032 M for the nickel mass MNi for Type II SNe and 0.16 M
for Type Ib/c SNe (excluding broad-lined Type Ic events). Closer
inspection suggests less dramatic differences because of selec-
tion effects and systematic uncertainties in determining MNi.
For Type IIP SNe, Mu¨ller et al. (2017) recently determined
the distribution of nickel masses quite reliably from the tail
phase based on a sample whose representative character was es-
tablished by comparison with the LOSS survey (Li et al. 2011),
finding a median of 0.031 M and a mean of 0.046 M. For
stripped-envelope SNe, the distribution of explosion properties
is less securely established. Although a number of studies have
investigated light curve parameters and/or explosion properties
for larger samples of stripped-envelope SNe (e.g. Drout et al.
2011; Bianco et al. 2014; Lyman et al. 2016; Prentice et al.
2016, 2019; Taddia et al. 2018) these are usually not based on
volume-limited surveys (for an exception, see Li et al. 2011),
and nickel masses are often inferred from the peak luminosity
using Arnett’s Rule (Arnett 1982).
Although the precise impact of selection biases for transients
is not straightforward to determine, the classical formula for the
Malmquist bias furnishes a rough estimate. Based on a standard
deviation 0.71-0.78 mag in peak luminosity in the SN Ib/c sam-
ple of Prentice et al. (2016), the average peak luminosity may
be overestimated by about 0.7-0.8 mag in samples that are not
volume-limited, which translates into a factor of two in nickel
mass. The differences between the volume-limited sample of Li
et al. (2011) and other population studies of stripped-envelope
explosions are indeed of similar magnitude. Arnett’s rule also
tends to systematically overestimate nickel masses in Ib/c SNe
by about 50% (Dessart et al. 2015). It is therefore likely that the
average nickel mass in stripped-envelope explosions (excluding
broad-lined Ic SNe) is only ∼70% higher than for Type IIP and
not by a factor of five as suggested by Anderson (2019).
Our models indicate that modestly higher nickel masses
(about 50%) in stripped-envelope explosions might be explained
naturally as a consequence of binary mass transfer and its impact
on the subsequent stages of stellar evolution. After accounting
for biases in observationally inferred nickel masses, there may
be no strong need to invoke magnetar powering for a substan-
tial fraction of stripped-envelope SNe as advocated by Ertl et al.
(2020). Observed outliers among Ib/c SNe with high peak lu-
minosity and nickel masses & 0.20-0.25 (Fig. 11c) still cannot
be directly explained by our sample of stripped-envelope pro-
genitors. However, viewing angle effects could partly account
for such events; moderate asymmetries in the nickel distribution
may well increase the peak luminosity and the “apparent” nickel
mass by about 0.5 mag or 60% (Sim et al. 2007).
The calibration of our kick velocities include single and
stripped stars and is made with respect to the observed space
velocities of pulsars as found by Hobbs et al. (2005), i.e. to a
Maxwellian distribution with σ = 265 km s−1. Here, we find that
stripped stars receive an intrinsically larger kick (σ = 315 ±
24 km s−1) than single stars (σ = 222 ± 23 km s−1). While these
σ values are not dramatically different from the Hobbs et al. dis-
tribution (about ±15–20%), they are, e.g., relevant to interpret
the observed space velocities of X-ray and other compact-object
binaries, they would reduce rate predictions of compact-object
mergers from isolated binaries and slightly increase expectations
for space velocities of runaway/walkaway stars (see e.g. Renzo
et al. 2019).
7. Conclusions
Most massive stars reside in binary systems such that they will
exchange mass with their companions at some point during their
lives. Here, we study how Case A, B and C envelope stripping af-
fects the further evolution of stars up to core collapse and thereby
their explosion properties. The stars are modelled using the Mesa
stellar evolution code and the SN stage is analysed with the para-
metric SN model of Mu¨ller et al. (2016). Our main results can
be summarized as follows.
– Because of the removal of the hydrogen-rich envelope,
Case A and B stripped stars have larger core carbon abun-
dances XC after core helium burning than single and Case C
stripped stars for the same CO core masses MCO – the Case A
and B stripped stars form a distinct branch in the MCO–XC
plane (Fig. 2).
– The two key quantities MCO and XC largely determine the
core evolution through the advanced nuclear burning phases
up to core collapse. Because of the distinct differences of
stripped and single stars, we find different pre-SN struc-
tures in these stars. For example, the Case A and B stripped
stars have on average lower iron core masses for the same
MCO compared to single and Case C stripped stars, and
the compactness parameter ξ2.5 is also different. Both single
and stripped stars show a compactness peak at certain MCO
values related to the transition from convective to radiative
core carbon burning. In both cases, there is also a steep in-
crease in ξ2.5 beyond some MCO. Importantly, the compact-
ness peak and steep increase in compactness are at higher
MCO in Case A and B stripped stars than in single and Case C
stripped stars.
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– The structural differences translate into differences in the SN
properties. Compared to single stars, Case A and B stripped
stars result in on average lower NS and BH masses (∆MNS ≈
0.05 M), higher explosion energies (∆Eexpl ≈ 0.2 B), larger
kicks (∆vkick ≈ 100 km s−1) and larger nickel yields (∆MNi ≈
0.02 M). Kick velocities of & 600 km s−1 are almost exclu-
sively found in stripped stars. Setting BHs from stars in the
compactness peak aside, single and Case C stripped stars
give rise to BHs for initial masses Mini & 35 M while this
limit shifts to Mini & 70 M in Case A and B stripped stars.
– Some models beyond the compactness peak likely experi-
ence significant fallback and probably a weak or failed SN.
The BHs formed from envelope material falling back onto
the NS receive a kick that is substantially lower than that of
the original NS (depending on the amount of fallback).
– The NS mass distribution is unimodal with a tail extending
up to the maximum allowed NS mass of 2.0 M, i.e. some
NSs are born massive (we do not consider the contributions
from ECSNe and ultra-stripped stars). The BH mass distri-
bution is multimodal: stars falling into the compactness peak
give rise to an island of BH formation, and the lowest mass
BHs are always from stripped stars. The maximum BH mass
from our stripped evelope models is about 20 M (that of
single stars is larger and depends on the amount of mass loss
during LBV phases). There is a gap between NSs and BHs
in our models if we discard fallback. The gap may (partly)
disappear depending on the amount of fallback (low fallback
fractions reduce the gap and high fallback fractions maxi-
mize it). The features in the compact remnant mass distribu-
tions give rise to distinct peaks in the chirp-mass distribution
of NS-NS, BH-NS and BH-BH mergers.
– At least one star (if not both stars) in compact object merg-
ers from isolated binary evolution will have evolved through
envelope stripping. Because the initial mass range for NS
formation is largely enhanced in stripped stars, we find a sig-
nificant reduction of BHs in stellar populations, e.g. the NS
to BH ratio is ≈ 15 in our Case B stripped models whereas
it is only 2–3 for our stellar models when applying the de-
layed and rapid SN models of Fryer et al. (2012) that are fre-
quently applied in state-of-the-art population synthesis mod-
els. Consequently, the expected BH-NS and BH-BH merger
rates are reduced and, from a simplified population synthesis
model, we find reductions of 25–50% and 90%, respectively.
– Relative to the Fryer et al. (2012) SN model, the NS-NS
merger rate in our default population model increases only
marginally (6–15%). This is because a large fraction of NS-
NS mergers forms from low-kick SNe (e.g. ECSNe and stars
with low iron cores) that are not affected by the increase
in the initial-mass parameter space for NS formation from
stripped stars.
We conclude that the removal of the hydrogen-rich envelope
not only naturally affects the SN type (II vs Ib/c), but has severe
implications for the interior structure and evolution of stars, and
thus the SN explosion itself. This will in turn help to further our
understanding of NS and BH formation, the explosion properties
of SNe, compact object binaries and gravitational-wave merger
events.
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Appendix A: Relation of the parametric SN model
to structural parameters of the pre-SN models
The mass coordinate at which shock revival occurs, Mi, and the
mass accreted onto the proto-NS driving the neutrino luminos-
ity, ∆M, in the applied parametric SN model (Mu¨ller et al. 2016)
are closely related to structural parameters of the pre-SN models
used by Ertl et al. (2016) to classify the explodability of stars.
Ertl et al. (2016) define the mass coordinate at which the dimen-
sionless entropy per nucleon s = 4,
M4 = m(s = 4)/M, (A.1)
and the radial mass derivative at this mass coordinate,
µ4 =
dm/M
dr/1000 km
∣∣∣∣∣
s=4
. (A.2)
In physical terms, M4 indicates the base of the oxygen shell (lo-
cated at s ≈ 4–6) and is used as a proxy of the mass of the
proto-NS, MNS, similar to the meaning of Mi in the parametric
SN model of Mu¨ller et al. (2016) (see also Sect. 2.3). The spatial
mass derivative at the base of the O shell indicates the mass ac-
cretion rate M˙ onto the proto-NS stars (Ertl et al. 2016) and the
product µ4M4 ∝ MNSM˙ is then a proxy of the neutrino luminos-
ity, Lν ∝ GMNSM˙/RNS, where RNS is the radius of the proto-NS.
Hence, the mass accreted onto the proto-NS in the parametric
SN model ∆M is directly linked to µ4, ∆M ∝ M˙τacc with τacc the
timescale over which the proto-NS accretes mass and powers
the SN explosion. Indeed, these correspondences are also found
quantitatively in our models as shown in Fig. A.1. In particu-
lar, the mass coordinate of shock revival is found to be closely
related to the base of the O shell at s = 4.
Appendix B: Fitting formulae
We here summarise fitting formulae to the compact object
masses of our single and stripped binary star models (Eqs. B.1–
B.5 below). Some of these fits are used in the toy population
models described in Sect. 5. Below, we define x = MCO/M, i.e.
x is the CO core mass at the end of core helium burning. For the
fitting functions, we neglect fallback. In order to relate MCO to
initial masses, we use spline fits as shown in Fig. 3. The fits to
the compact remnant masses are visualized in Fig. B.1 and the
fitting functions are as follows.
Single stars:
log
Mrm
M
=

log (0.03357 x + 1.31780) x < 6.357
−0.02466 x + 1.28070 6.357 ≤ x < 7.311
log (0.03357 x + 1.31780) 7.311 ≤ x < 12.925
0.01940 x + 0.98462 x ≥ 12.925
(B.1)
Single stars (alternative):Employing a parabolic fit function to
NS masses beyond the compactness peak instead of the linear fit
function used above.
log
Mrm
M
=

log (0.04199 x + 1.28128) x < 6.357
−0.02466 x + 1.28070 6.357 ≤ x < 7.311
log (0.04701 x2 − 0.91403 x
+5.93380) 7.311 ≤ x < 12.925
0.01940 x + 0.98462 x ≥ 12.925
(B.2)
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Fig. A.1. Comparison of Mi and ∆M of the parametric SN model used in this work (Mu¨ller et al. 2016) with the structural parameters
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Fig. B.1. Piecewise fits to the compact-object masses of single, Case A, B and C stripped stars (panels a, b, c and d, respectively).
For the single stars in panel (a), we also show an alternative model fit, “Model (alt.)”.
Case A:
log
Mrm
M
=

log (0.02128 x + 1.35349) x < 7.064
0.03866 x + 0.64417 7.064 ≤ x < 8.615
log (0.02128 x + 1.35349) 8.615 ≤ x < 15.187
0.02573 x + 0.79027 x ≥ 15.187
(B.3)
Case B:
log
Mrm
M
=

log (0.01909 x + 1.34529) x < 7.548
0.03306 x + 0.68978 7.548 ≤ x < 8.491
log (0.01909 x + 1.34529) 8.491 ≤ x < 15.144
0.02477 x + 0.80614 x ≥ 15.144
(B.4)
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Case C:
log
Mrm
M
=

log (0.03781 x + 1.36363) x < 6.357
0.05264 x + 0.58531 6.357 ≤ x < 7.311
log (0.03781 x + 1.36363) 7.311 ≤ x < 14.008
0.01795 x + 0.98797 x > 14.008
(B.5)
Appendix C: Schematic mass distribution of
compact objects
The NS-mass distribution of single stars in Fig. 9 shows a gap
or dearth in the mass range 1.6–1.7 M that is caused by failed
SNe from stars in the compactness peak. The existence of such a
gap also depends on the exact NS masses of stars just around the
compactness peak as we show here. We use two different, piece-
wise fitting functions to the compact-remnant masses of single
stars (Fig. B.1). Model 1 assumes monotonically-increasing NS
masses with MCO, whereas we fit a parabolic function to the NS
masses beyond the compactness peak in Model 2. Assuming a
power-law initial mass function with high-mass slope γ= − 2.3
as in Sect. 4.2, we find the NS and BH mass distributions in
Fig. C.1.
The NS-mass distributions of Model 1 and 2 show distinctly
different features despite the seemingly small changes in the
models. A gap is visible in Model 1 at 1.55 M and is absent
in Model 2. Instead of the gap, a bump is observed at 1.50 M,
which corresponds to the local minimum in the NS-mass fit of
Model 2 at MCO≈ 10 M. The shift at the lowest NS masses be-
tween both models is caused by a slightly different fit to the
NS masses before the compactness peak that is hardly visible
in Fig. B.1.
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